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ABSTRACT
DOUBLE EMULSIONS RELEVANT TO FOOD SYSTEMS: FABRICATION,
CHARACTERIZATION, AND APPLICATIONS
FEBRUARY 2022
JINNING LIU, B.A., SOUTHWEST UNIVERSITY, CHINA
M.A., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor David J. McClements
Systems of the W/O/W type continue to be of growing interest to food scientists
and technologists for two main reasons. First, there is the possibility of preparing a
reduced-fat emulsion product by the replacement of a conventional oil-in-water emulsion
by the equivalent W/O/W emulsion having a lower actual oil content but a similar inmouth perceived texture. Second, there is the capability to encapsulate and protect a
sensitive hydrophilic bioactive compound. However, it is always a bottleneck to obtain
robust formulations using economically viable ingredients and processing operations. To
improve its performance for practical applications in food production, efforts have been
made to overcome the difficulties. Herein, we examined the impact of crystallizing the
oil phase on the ability of W/O/W emulsions to encapsulate and retain a model
hydrophilic bioactive. The results showed that the texture and stability of the W/O/W
emulsions prepared in this study were highly dependent on their composition. The
concentrations of both hydrophilic and hydrophobic stabilizers had to be optimized to
produce emulsions that contained relatively small droplets, (initially) had relatively low
viscosities, and that were stable to coalescence and phase separation. Our results provide
some useful insights into the formulation of double emulsions for the encapsulation of

v

hydrophilic bioactive agents. In addition, two novel applications of double emulsion
have been investigated to provide insight for food production market. One is to protect
natural color (anthocyanin) from pH-induced color changes, the other one is to study the
impact of fat crystallization on the resistance to osmotic stress, which could be a potential
for temperature-triggered release.
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CHAPTER 1
INTRODUCTION

1.1. Background
Water-in-oil-in-water (W1/O/W2) emulsions consist of water droplets (internal
water phase, W1) trapped inside oil droplets, which are dispersed in an aqueous solution
(external water phase, W2). The multiphase nature of this kind of multiple emulsion
means they are particularly suitable for encapsulating hydrophilic and/or hydrophobic
active agents. Hydrophilic actives can be trapped within the internal water phase,
whereas hydrophobic ones can be trapped in the oil phase. For this reason, W/O/W
emulsions have been used to encapsulate a diverse range of bioactive substances,
including probiotics [1], vitamins [2], minerals [3], omega-3 oils [4], and antioxidants
[5]. They have also been used to control the release profile of these substances, which
may be advantageous for some pharmaceutical, cosmetic, personal care, or food
applications [6]. In the food industry, for instance, they have been used to control flavor
release and to mask unpleasant flavors [7-9]. W/O/W emulsions have also been utilized
to create fat-reduced food emulsions, such as dressings, sauces, or creams, by replacing
part of the oil phase with water droplets [10-13].
Despite their diverse range of potential applications, and the fact that they were
first described almost a century ago [14], there are still relatively few examples of the
commercial application of W/O/W emulsions in the food industry. This is probably due
to the difficulty in creating robust formulations using economically viable ingredients and
processing operations. In particular, W/O/W emulsions are highly susceptible to physical
1

instability due to a variety of mechanisms, including flocculation, coalescence, expulsion,
gravitational separation, and Ostwald ripening [15, 16]. W/O/W emulsions are typically
created using a two-step emulsification procedure: (i) a W/O emulsion is formed by
blending oil and water in the presence of a hydrophobic emulsifier; (ii) a W/O/W
emulsion is formed by blending the W/O emulsion with another water phase in the
presence of a hydrophilic emulsifier [17, 18]. Multiple emulsions are thermodynamically
unstable, so they tend to breakdown during storage or when exposed to certain
environmental conditions [19].
The utilization of crystalline oil phases to improve the performance of colloidal
delivery systems is common within the pharmaceutical industry [20]. There are a number
of potential advantages to using solidified lipids in double emulsion systems for this
purpose. The chemical stability of encapsulated drugs can be improved by trapping them
within a solid matrix because this slows down the diffusion of the reactive species that
normally promote chemical degradation [21, 22]. The digestion of solid lipids by
digestive enzymes (such as lipases) in the gastrointestinal tract occurs more slowly than
liquid lipids [23-26], which can be used to provide a prolonged release profile of
encapsulated drugs after ingestion. Some other potential advantages of using crystalline
lipids to enhance the functionality of colloidal delivery systems include: avoidance of
organic solvents, low biotoxicity, potential for large scale production, and ability to
increase the bioavailability of encapsulated components [27].

2

1.2. Objective
Long term goal of this project is to investigate potential applications of double
emulsions. The first application is protection of natural color from chemical degradation.
The food, cosmetics, and personal care industries are increasingly interested in replacing
synthetic colorants with natural alternatives. However, their application in commercial
products is often limited because of their susceptibility to chemical degradation, which
leads to color fading and/or a change in hue. In this study, we will examine the
possibility of protecting anthocyanin from degradation by encapsulating them within the
inner water phase of a water-in-oil-in-water (W/O/W) emulsion. The second application
is to investigate the double emulsion potential for temperature-triggered release. In this
study, we will examine the impact of crystallizing the fat phase on the resistance of
W/O/W emulsions to osmotic stress effects, with the aim of developing osmoticresponsive systems.
To reach the overall goal, the specific objective of this project is to fabricate a
double emulsion system that can be thermodynamically stable during storage. In this
objective, we will focus on the application of W/O/W emulsions for the encapsulation
and stabilization of hydrophilic bioactive. Typically, this kind of bioactive is mixed with
the internal aqueous phase prior to emulsion formation, so that it is initially located
within the inner water droplets. However, during storage, the bioactive agent may diffuse
across the oil phase and be released into the external aqueous phase. As a result, the
bioactive may be more susceptible to chemical degradation, leading to a loss of
functionality. Therefore, our main purpose is to examine the impact of crystallizing the
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oil phase on the ability of W/O/W emulsions to encapsulate and retain a model
hydrophilic bioactive.
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CHAPTER 2
LITERATURE REVIEW

2.1. Preparation of double emulsions
2.1.1. Emulsification methods and equipment
The current adopted emulsification methods are high-speed shearing, highpressure homogenization, membrane homogenization, ultrasonication, and mild
dispersion methods. The preparation of initial stage (W/O or O/W) of double emulsion is
typically premixed by rotor-stator apparatus and then subjected to high-pressure
homogenization to further reduce the droplet size of the inner aqueous or oil phase.
Rotor-stator and mild dispersion methods are commonly used for the secondary
emulsification stage. In this stage, a relatively more moderate condition is applied in
order to avoid intense shearing or turbulence to cause disruption of the previously formed
initial emulsion.
Under laboratory-scale conditions, low-intensity emulsification methods such as
membranes and microchannels are conducted by many researchers due to the consistent
fabrication of double emulsion droplets with high yield of inner emulsions [28]. With
low energy input, the principle of membrane homogenization is to force the liquid to be
dispersed into the continuous phase through a static or rotating membrane, where the pore
size ranges from 2.5 to 10 µm. The membrane materials (ceramic, glass, metal) are also
different depending on the system composition. A high yield of double emulsion can be
achieved by a low flux rate of disperse phase, a high wall shear stress, and a high
membrane rotation speed [29]. However, the main disadvantage of the membrane
5

emulsification is the low dispersed phase flux through the membrane which can be time
consuming for large-scale production [30].
Table 1 lists the various processing techniques that have been conducted to
prepare double emulsions. In principle, the characteristics of primary and secondary
emulsions can be varied systematically by changing the process parameters and
emulsification equipment [31]. In practice, however, the comparison results from
different researchers is not highly correlated due to the huge differences among devices,
especially between laboratory-scale and production-scale equipment. Based on the
information listed in Table 1, significant variability in system composition, processing
condition, and equipment precludes the assumption of a meaningful correlation between
applied conditions and the characterization of encapsulated substances.

Table 1 Emulsification methods and equipment used for preparing double emulsions.
Emulsification
Equipment
Primary emulsification
Secondary
Reference
method
emulsification
Rotor-stator
IKA Ultra8 mm dispersion probe at
8000 rpm for 1
[32]
turrax T25
13000 rpm for 2 min
min
IKA Ultra10000 rpm for 90 s
10000 rpm for
[33]
turrax T18
90 s
IKA Ultra12500 rpm for 4 min
10000 rpm for 4
[34]
turrax
min
Microcapillary
Glass
Inner diameter of
Outer diameter
[35]
capillaries
capillaries 0.9 mm
of capillaries
0.87 mm
Square
Orifice diameter of 100
[36]
capillary
µm
Stirrer
Propeller
Rotor-stator
Stir at 150 rpm
[37]
stirrer
for 2 min at 40
o
C
Sonication
Sonicator
1 min in ice bath
2 min in ice bath
[38]
Microchannel
Silicon MC
Polytron PT-3000 at
Breakthrough
[39]
(MC)
array plate
10000 rpm for 5 min
pressure of 5-6
kPa
6

Ultrasound
Microfluidics
High pressure
homogenizer
Membrane

High shear mixer

Sonic
dismenbrato
r
Microfluidiz
er M110P
Panda Plus
2000
Microporou
s glass
membrane
Silverson
L5M

45% amplitude (20W) for
15 s
15000 psi for four passes
7 MPa
Homogenize at 9800 rpm
for 50s, then permeated
through membrane by
nitrogen gas
1700 rpm for 2 min

45% amplitude
in pulse regime
for 60 s
High shear mixer
for 2 min
55 MPa

[40]

Stirred at 150
rpm for 24 h

[43]

2000 rpm for 1
min

[44]

[41]
[42]

2.2. Stabilization of double emulsions
The destabilization of a double emulsion system may follow various of
breakdown pathways depending on its microstructure and composition [45]. The main
instability mechanisms are (i) coalescence of the inner droplets without any change in the
outer droplet interface; (ii) coalescence of outer droplets; (iii) coalescence of inner
droplets with the outer droplet interface; (iv) shrinkage or swelling of inner droplets due
to mass transport through the intervening liquid film.
One particular lipophilic emulsifier that is dominant in the formation of W/O/W
emulsions is polyglycerol ester of polyricinoleic acid (PGPR). PGPR has been
investigated to be highly effective for stabilizing fine W/O emulsions. Although it’s
generally recognized as safe for human consumption by FDA, the use of this emulsifier is
strictly regulated for many food products and its presence is detected as an undesirable
off-taste when incorporated at the level of 5-10 wt.%. An acceptable and technically
effective alternative to PGPR is phosphatidylcholine-depleted lecithin [46]. However,
7

this specialized alternative is evidently too costly especially for large-scale of commercial
use. Hence, many investigators still focus on strategies for potential alternatives in
double emulsion formulations.
Biopolymers are widely used to stabilize double emulsion systems for decades.
The stabilization mechanisms are (i) compared with small-molecule emulsifiers,
biopolymers are less susceptible to diffusion and transfer between internal and external
phases; (ii) biopolymers can form stabilizing network structures in the dispersed and
continuous aqueous phase, such as viscoelastic solutions and gels; (iii) surface-active
biopolymers can be used as effective stabilizers of the outer oil-water interface of
W/O/W emulsion droplets. Moreover, the addition of biopolymers as functional
ingredients in double emulsions allows for the reduced used of synthetic emulsifiers.

2.2.1. Stabilization of inner droplets of W/O/W emulsions by biopolymers
A variety of food biopolymers have been studied on their impact on W/O/W
stability in the primary emulsion droplets. The most commonly used biopolymers are
gelatin, casein, whey protein, gelled starch and xanthan gum. It is found that the addition
of 0.5 wt.% of sodium caseinate in the internal aqueous phase can reduce the amount of
PGPR from 8 to 2 wt.% without influencing the yield or stability of the double emulsion
[47]. This result indicates that sodium caseinate and lipophilic emulsifier PGPR has a
synergistic effect for stabilizing at the internal oil-water interface of the double emulsion.
Another technical strategy is to convert internal emulsion droplets into soft solidlike particles in order to provide long-term stability [18]. This can be achieved by
utilizing biopolymer that can be converted to gel state by thermal processing. By
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incorporating heat-set gel of whey protein isolate [48], gelled gelatin [49] into primary
W/O emulsion and then subjecting to thermal treatment prior to secondary emulsification,
researchers have successfully controlled the stability of the primary W/O emulsion.
Gelled starch within the primary emulsion has also shown slower release rate of
hydrophilic compound from the internally gelled W/O/W emulsions than from the nongelled emulsions [50]. However, the high viscosity of the aqueous phase increased the
amount of surfactant required for the formulation and stabilization of the W/O droplets.

2.2.2. Stabilization of outer droplets of W/O/W emulsions by biopolymers
Proteins and polysaccharides are effective as stabilizers of the outer droplets of
W/O/W emulsions [18]. A variety of protein emulsifiers have been studied to stabilize
double emulsion systems, such as BSA, sodium caseinate, gelatin, and whey protein
isolate. Various types of polysaccharides are also being employed as thickening or
gelling agents, such as gellan, xanthan gum, alginate, carrageenan, pectin, and
carboxymethylcellulose.
It is reported that higher concentration of biopolymer stabilizer produced lower
initial yield as a consequence of the reduction in the average droplet size. This means
that if fine W/O/W emulsions are needed, a compromise must be reached between
minimizing the average droplet size and maximizing yield of the double emulsion [51].
Another factor affecting the yield is the intensity of the homogenization conditions during
the secondary emulsification period. It is studied that the initial yield of a double
emulsion was reduced from 94% to 89% when the pressure of the homogenization
increased from 100 to 300 bar [52].
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2.2.3. Stabilization of W/O/W emulsions by biopolymer conjugates and complexes
Combination of proteins and polysaccharides as functional ingredients is well
exploited as emulsifying and stabilizing agents [53, 54]. The constituent protein and
polysaccharide molecules in the complexes joined together via covalent bonding or
electrostatic interactions [18]. One of the most acceptable methods for making
biopolymer conjugates in food applications is dry heating [55]. Whey protein is the most
commonly used protein in the conjugates which has been investigated to combine with
xanthan gum [56], galactomannans [57], carboxymethylcellulose [58], and gum Arabic
[59]. The biopolymer layers formed by electrostatic deposition technique are highly
efficient in enhancing the double emulsion stability to pH changes, high ionic strength,
thermal processing and dehydration [54].

2.3. Characterization of double emulsions
A main parameter characterizing the effectiveness of double emulsion system is
the “yield” or “encapsulation/entrapment efficiency”. This can be described as the
efficiency of retention of internal aqueous phase within the W/O/W emulsion (or internal
oil phase within O/W/O emulsion). It can be determined by either measuring the
proportion in the external aqueous phase of a marker compound originally retained in the
internal aqueous phase or measuring the proportion of the retained aqueous phase present
in the internal droplets. Both methods have their advantages and disadvantages. Glucose
and sodium chloride are mainly chosen to be the marker in the internal aqueous phase.
Therefore, it is possible to have rapid diffusion across the oily membrane because of the
small molecular weight which could result in inaccurate deduction of the yield.
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Measurement of the internal aqueous phase is a more accurate way, however, it is
difficult to obtain the internal portion within the double emulsion system. Complicated
extraction process has to be conducted.
Particle size and particle charge plays an important role in double emulsion
systems. By measuring the size and charge of the emulsion droplets, the stabilization of
the emulsion can be monitored. It can also be conducted to distinguish the most suitable
surfactant, oil/water composition, homogenization condition, etc. Light scattering is the
most commonly used laboratory method for measuring particle size. The primary W/O
emulsion droplets can be determined by dynamic light scattering [60] and the outer oil
droplet size in W/O/W emulsions is usually measured by static light scattering [61]. Zeta
potential can be utilized to estimate the electrostatic interactions within the double
emulsion. Colloidal systems that are susceptible to flocculation tend to have zeta
potential close to zero [62]. To optimize the conditions of double emulsion composition,
turbidity measurements are commonly used in combination with zeta potentials [16].
Morphology of particles is essential for the fabrication of double emulsion. A
distinguished W/O/W microstructure should be observed by the microscopic methods. In
addition, investigators utilize it to visualize double emulsion systems under iso-osmotic
and hypo-osmotic conditions [63]. The swelling of specific droplets may be observed in
the depression of a light microscope slide. Confocal laser scanning microscopy has been
reported to distinguish the oil and aqueous phase with fluorescent marker such as Nile
Red labels the oil phase, Nile Blue or fluorescein isothiocyanate (FITC) labels protein,
and fluorescein labels aqueous phase. Two other optical microscopic techniques that

11

have been utilized to characterize double emulsion microstructure are polarization
microscopy [64] and phase-contrast microscopy [65].
Sensitive instrumental approaches such as nuclear magnetic resonance (NMR),
differential scanning calorimetry (DSC) can be utilized to oversee changes of emulsion
properties in real time. Mezzenga et al. utilized 1H NMR to assess the mechanisms of
water transportation in oil [66]. Low-resolution NMR transversal relaxometry is used to
monitor gelation of internal aqueous droplets and low-resolution PFG-NMR diffusometry
is used to estimate the entrapped water volume fraction [67]. In the study by Zhu et al.,
DSC provided information about the presence of bovine serum albumin in the internal
aqueous phase increases yield and long-term stability with a high osmotic pressure [68].
The rheological properties of double emulsion systems have been investigated to
determine the texture and rheology of the emulsions especially for some specific food
formulation such as soft solid-like double emulsions.

2.4. Application of double emulsions
It is well recognized by researchers that the potential application of double
emulsion system is to fabricate low-calorie foods and to improve nutrient and flavor
delivery [16]. Unfortunately, however, due to the challenge of producing robust double
emulsion systems with long-term physical stability and the consumer acceptability in
terms of product appearance, taste, and texture, these applications have not gained
sustained commercial success in the marketplace. Nonetheless, continuous development
of overcoming the difficulty is being made.
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Table 2 lists potential applications of double emulsions investigated by
researchers in recent five years. Double emulsions have been used to encapsulate a
diverse range of bioactive substances, including probiotics [1], vitamins [2], minerals [3],
omega-3 oils [4], and antioxidants [5]. They have also been used to control the release
profile of these substances, which may be advantageous for some pharmaceutical,
cosmetic, personal care, or food applications [6]. In the food industry, for instance, they
have been used to control flavor release and to mask unpleasant flavors [7-9]. W/O/W
emulsions have also been utilized to create fat-reduced food emulsions, such as dressings,
sauces, or creams, by replacing part of the oil phase with water droplets [10-13].

Table 2 Food and drug related applications of double emulsions.
Application
Reference
Curcumin and catechin co-loaded W/O/W in beverage application
[69]
Delivery of starter cultures in reduced salt moromi fermentation of
[44]
soy sauce
Porous microspheres double emulsion in peptide drug loading and
[70]
controlled release
Microencapsulation of xylitol in chewing gum to prolong cooling
[71]
effect and flavor perception duration
Utilization of W/O/W emulsions as beef fat replacers
[12]
Drug encapsulation by double emulsion solvent evaporation
[72]
techniques
Encapsulation of betalain into W/OW double emulsion and release
[73]
during in vitro intestinal lipid digestion
Encapsulation of resveratrol or vitamin B12 for production of
[74]
functional foods
Enrichment of skim milk with sunflower oil
[75]
Enhancement of pigment (anthocyanins) stability during storage of
[76]
double emulsion microparticles
Encapsulation of caffeine in yogurt
[77]
Bitten solution in inner aqueous phase as a coagulant for tofu
[68]
preparation
Encapsulation of saffron extract
[78]
Microencapsulation of fish oil
[79]
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Replacement of oil by water droplets to manipulate sensory
response
Encapsulation of Lactobacillus delbrueckii with b-cyclodextrin
Tailoring oral destabilization of W/O/W with NaCl to enhance
saltiness perception
Low-fat mayonnaise via double emulsions

[80]
[64]
[81]
[82]

2.5. Solid lipid particles
Solid lipid particles (SLP) received primary attention from the early 1990s as an
alternative to other conventional colloidal carriers such as polymeric micro and
nanoparticles, liposomes, micelles, and emulsions [83]. The term lipid including
triglycerides, partial glycerides, fatty acids, hard fats and waxes, has a common
characteristic of high melting point. It is well known that solid lipid serves as a
nontoxicity and efficient matrix for drug delivery compared to other chemical and liquid
lipid [20]. The reason is because of several physicochemical characteristics of the lipid
affiliated with its physical state. After drug being encapsulated in the SLP, lipid
digestion is slowed down and therefore continuous release can be achieved. Due to solid
matrix, drug targeting can be controlled, in the meantime, drug stability and loading
efficiency is increased. The mobility of the drug is restricted compared with liquid
matrix and as a result, drug degradation rate can be decelerated [22]. The use of SLP has
been claimed to have many beneficial advantages like avoidance of organic solvents, no
biotoxicity of the carrier, availability of large-scale production and sterilization,
feasibility to incorporate lipophilic and hydrophilic drugs, and elevated bioavailability of
encapsulated bioactive components [27]. However, several issues are currently
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preventing the full realization of the SLP application: potential particle growth,
unpredictable gelation propensity, and unanticipated dynamic polymeric transitions [83].
To accomplish the reliable system of SLP-based double emulsion applications, it
is necessary for researchers to perceive how emulsification preparation conditions and
emulsion composition affect physicochemical properties of the system, such as the
stability of the emulsion, encapsulation efficiency, and the release behavior of
encapsulated bioactive compound during storage and digestion. In this chapter, we
assembled the state-of-the-art research published within the last decades regarding double
emulsion stabilized by solid lipid particles.

2.6. Properties of solid lipid particles
The presence of solid fat crystals can either stabilize or destabilize emulsion
droplets depending on their properties. In general, the key elements that will determine
the impact of fat crystals on emulsion stabilization are: (1) wettability of the crystals at
the interface; (2) interfacial film rheology; (3) microstructure of the crystals; and (4)
locations of the crystals (in the continuous phase or in the dispersed phase [84].

2.6.1. Wettability
Fat crystals affect stability of the emulsion depending on how they are wetted by
the dispersed or continuous phases [85]. The wetting behavior of fat crystals at the
interface is illustrated by contact angles, which are connected with the surface tension of
the interfaces [86]. If the contact angle at the interface across the aqueous phase is
smaller than 90o, it means the particles dispersed more than 50% of themselves in the
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aqueous phase and therefore, stabilize O/W emulsion. Vice versa, if the contact angle is
greater than 90o, the particles will stabilize W/O emulsion. With a contact angle of 90o,
the particles are equally imbedded by the oil and aqueous phases. If the contact angle is
180o, it means the particles are thoroughly wetted by either the oil or aqueous phase and
they are completely dispersed in that phase, therefore, the emulsion is destabilized [87]
Wettability or contact angle reflects of the solubility of fat crystals in both
dispersed and continuous phase, which indicates the lipophilicity and hydrophilicity of
the lipid in the emulsion. In practice, modification of the contact angle can increase the
stability of the emulsion and this can be achieved by usage of different types of
emulsifiers and lipids. It was reported by Zhao [88] that glycerin monostearate (GMS)
had significant influence on the solubility of the coenzyme Q10 and tea polyphenols
multiple solid particles (CT-MLPs). With the increasing concentration of GMS (2 to
6%), the contact angle of CT-MLPs decreased rapidly, which increased the water
solubility of CT-MLPs. When the concentration of GMS was greater than 6%, W/O/W
emulsions microstructure can be formed after dispersing in water. As shown in another
report, in comparison with different lipids, the contact angle is in direct proportion to the
degree of lipid hydrophobicity [89]. The report examined several types of lipids
according to their contact angles and suggested that the order of hydrophobicity was
glyceryl monostearate (GM) < glyceryl palmitostearate (GP) < glyceryl tripalmitate (GT)
glyceryl behenate (GB) < stearic acid (SA) < octadecyl alcohol (OA) < cetyl palmitate
(CP). Furthermore, it could serve as an indicator of hydrophobicity change throughout the
experiment, Yang found that during the evaporation process of making double emulsion,
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GT, CP, and SA increased the contact angle at the concentration of 20%, which implied
that the lipids became more hydrophobic during the evaporation process.

2.6.2. Interfacial rheology
The stability of an emulsion highly depends on the properties of the O/W
interface. A more viscous and rigid interfacial film will have a greater opportunity to
retard the film drainage and resist rupture, thereby increasing stability [90]. It was
hypothesized that surface-active lipids could affect the film viscoelasticity by interacting
with folded and unfolded proteins at the interface [91]. A report showed that proteins
with the least conformation flexibility enhanced the interfacial viscoelastic modulus the
most (ovalbumin > bovine serum albumin > sodium caseinate) [92]. By controlling
interface rheology, one can control the movement of fat crystals during droplet
coalescence [93].
Differences in viscosity of double emulsion could be directly attributed to the
different lipid phases, and higher unsaturation level of the lipid contributes to lower
viscosity [94]. In the same study, it was shown that lower viscosity resulted in enhanced
particle size and reduced stability to creaming during long storage times, while higher
viscosity could maintain stability and encapsulation efficiency of the bioactive compound
during the storage at room temperature. On the other hand, the viscosity of the primary
emulsion cannot exceed certain level, otherwise the double emulsion structure will not be
formed. It is because that the high viscosity can prevent the delivery of crushing energy
and the strong blasting effect generated by the equipment and convert to a weak vibration
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instead. The weak vibration cannot provide sufficient energy to form desired
microstructure [95].

2.6.3. Particle microstructure
Crystallized triacylglycerols (TAG) types exist in one of three major polymorphs:
a, b’, and b [96]. a-Form crystals are the least thermodynamically stable, with the
lowest melting points, irregular shapes and small size. a-Form crystals are more likely to
transform into the more stable b’ and b forms when sufficient energy is provided. bForm is the most stable morph which develops into large-sized, regular-shaped crystals
with high melting points. The b-form crystals are able to obtained under slow and
governed growth conditions, while flash cooling mostly develops a-form crystals [97].
Fat crystal microstructure can strongly affect droplet coverage, fat crystal contact angles
and aggregation behavior, hence influence properties of the emulsions [84]. Crystals had
to be in submicron to stabilize emulsions with droplets ranging from 6-18 µm in size.
Larger crystals could not productively adsorb to the interface of the emulsions while
smaller crystals tend to provide better coverage of the droplets. In addition, the higher
number of crystals in the emulsions, the faster they could shield the emulsion droplets
and form a network before droplets coalescence, thereby stabilizing the emulsion [98].
Fat crystallization in emulsions is likely to be different than in bulk fats. It is
shown that the polymeric solid nanoparticles exhibited a phase transition compared with
pure matrix and presented in a disordered-crystalline phase [99]. Due to the presence of
surfactant, it is possible to observe the change of melting temperature from bulk material
to SLP [100]. The crystallization of the lipid crystals could also be estimated by the
18

difference between melting and onset temperatures. The greater the difference, the
greater the disorder of fat crystals [101]. The addition of crodamol could disturb the lipid
crystal order and furthermore decrease the crystallinity degree of the double emulsion and
the SLP production itself could partly prohibit stearic acid from crystallizing [40]. NabiMeibodi et al. found out the SLP formulated double emulsion revealed a broadening of
the lipid melting peak and a decline in its melting point compared to the raw and bulk
materials, which could be due to the plasticizing effect of emulsifiers and the submicron
dimension of the particles that have a vast surface area [102].

2.6.4. Particle location
Fat crystals might be present within the continuous or dispersed phases or within
the interface. It is essential to study the location of the crystals as well. When the crystals
are present at the interface, they tend to grow and pierce the interface between two
colliding globules, thereby lead to aggregation or partial coalescence. This process
results in aggregated, irregular shaped clusters hence leads to destabilization of the
emulsion [103]. In addition, distance between droplets and the amount of solid fat within
the emulsion also play an important role in partial coalescence. If there’s small enough
distance between particles and a sufficient amount of fat crystals at the interface, the fat
crystals would pierce the film between neighboring particles and then form a fat crystal
network which physically prevents the mobility of the dispersed phase and eventually
causes aggregation [104].
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2.7. Preparation of solid lipid particle-based double emulsions
2.7.1. High shear homogenization and ultrasound
High shear homogenization and ultrasound are dispersing methods that were
initially used for the production of solid lipid nano-dispersions [105]. Both approaches
are widely used and easy to conduct. However, the quality of the dispersion is often
limited by the presence of microparticles. Furthermore, metal contamination has to be
considered if ultrasound is conducted [27].
Luana et al. used a sonic dismenbrator model to produce solid lipid particle-based
double emulsion [40]. They investigated the influence of different process parameters,
including lipid composition, surfactant type, sonication parameters and lipid
solidification conditions. Lipids used in this study include caprylic acid and stearic acid,
Tween 80 and Pluronic F127 were used as water soluble surfactants and Span 80, PGPR,
and soy lecithin were liposoluble surfactants. The resulting particle size was mainly
influenced by the lipid amount and surfactant used. The smallest particle size (277 nm)
was obtained when lecithin was used together with Tween 80 as surfactants. This
combination also resulted double emulsion particles with longer stability.

2.7.2. High pressure homogenization
High pressure homogenization has studied as a trustworthy and effective approach
for the preparation of solid lipid particles. The homogenizer pushes a liquid with high
pressure (100-200 bar) through a narrow gap. The fluid accelerates on a very short
distance to a very high velocity (over 1000 km/h). High shear stress and cavitation forces
disrupts the particles down to submicron range [106].
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Fernando et al. used a two-stage high pressure homogenizer at 550/70 bar
(first/second stage) to obtain a primary fine emulsion which was then added to the
external aqueous phase and passed twice through the high pressure homogenizer at
150/30 bar to obtain the fine double emulsion [107]. The study was to investigate the
impact of design parameters such as surfactant amount and fat crystallizer type. They
used PGPR and sodium caseinate as emulsifier, Mono- and di-glyceride mixture with a
hydrogenated vegetable oil as lipid source, and Verol CRS-10 (V10) and Verol CRS-50
(V50) as fat crystallizers. The study showed that addition of mono- and di-glyceride
mixtures with V10 samples produced most effective crystallization in the oily liquid
phase.

2.7.3. Solvent evaporation/emulsification
Solid lipid particles can also be obtained by a precipitation method by solvent
evaporation/emulsification. This method is characterized by the need for solvents. The
oil is dissolved in an organic solvent such as chloroform and this solution is emulsified in
an aqueous phase. After evaporation of the solvent the lipid precipitates forming
nanoparticles [108]. An obvious disadvantage is the need to use organic solvents which
is undesirable for food-grade product commercialization.
Nabi-Meibodi and coworkers used solvent evaporation method to produce solid
lipid nanoparticle based double emulsion [109]. The study was to optimize the
formulation by evaluating three independent variables (drug/lipid ratio, W/O phase ratio
and the amount of surfactant). Glyceryl monostearate and glyceryl distearate were used
as lipid, Tween 80, trehalose dihydrate and soy lecithin were surfactants. The organic
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solvent in the double emulsion was evaporated by a rotary evaporator to product solid
lipid particles. The nanoparticles were sedimented by centrifugation at 22,000 rpm for 40
min at 10 °C, and then washed twice with water. The suggested optimum nanoparticle
was formulated with a drug/lipid ration of 11.06%, oil phase to external aqueous phase
ratio of 7.34% and surfactant concentration of 0.75. The optimized formulation resulted
in particles with a mean particle size of 215.94 nm, particle distribution index of 0.27,
zeta potential of -3.5 mV, 50.4% of encapsulation efficiency and 6.3% of loading
efficiency.

2.8. Analytical Characterization of solid lipid particle-based double emulsions
An adequate characterization of the solid lipid particles is a prerequisite for the
control of the quality of the double emulsion system. Several parameters have to be
analyzed which have direct influence on the stability and release kinetics: i. Particle size
and zeta potential; ii. Degree of crystallinity and lipid modification; iii. Co-existence of
additional colloidal structures such as micelles, liposomes, supercooled melts, etc.
Photon correlation spectroscopy (PCS) and laser diffraction (LD) are the most
effective methods for measurement of particle size. PCS measures the fluctuation of the
intensity of the scattered light which is caused by particle movement. This method
covers a size range from a few nanometers to about 3 µm. This means PCS is a sensitive
tool to characterize nanoparticles, but it is not suitable for larger particle detection. LD,
however, is capable of covering a broad size range from nanometer to lower millimeter.
Despite of this, it is highly recommended to use PCS and LD simultaneously to reduce
the uncertainties of platelet structures during lipid crystallization [20]. The analysis of
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zeta potential allows prediction about the storage stability of double emulsion system.
Generally, particle aggregation is less likely to occur for charged particles with high zeta
potential due to electric repulsion. However, this assumption cannot directly applied to
systems that contain steric stabilizer because the adsorption of steric stabilizer will
decrease the zeta potential [110].
Degree of lipid crystallinity and the modification of the lipid are strongly related
with drug entrapment efficiency and release rates. DSC and X-ray scattering are
commonly used techniques to study the status of the lipid. The principle of DSC is that
different lipid modifications has different melting points and melting enthalpies. X-ray
scattering is to assess the length of the long and short spacings of the lipid lattice. It is
more accurate to measure the particle dispersions themselves because solvent evaporation
will result in changes of lipid modification.
The magnetic resonance techniques, NMR and ESR, are effective tools to study
dynamic phenomena and the characteristics of nanocompartments in colloidal lipid
dispersions [20]. 1H, 13C, 19F and 35P are NMR active nuclei of interest. For example,
simple 1H-spectroscopy provides an easy and rapid detection of supercooled melts [111].
In addition, it also provides the characterization of blends made from solid and liquid
lipids [112]. ESR provides the direct and repeatable characterization between the
aqueous and lipid phase via the paramagnetic spin probes.
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2.9. Applications of solid lipid particle-based double emulsions
2.9.1. Drug delivery and release
A large number of hydrophilic drugs have been studied with regard to their
incorporation into solid lipid particle-based double emulsions. For example, baclofenloaded solid lipid particles were prepared using double emulsification-solvent
evaporation method resulting in a size of 215 nm, 50% drug encapsulation efficiency, and
drug release up to 65% for 24 hr [109]. This approach could serve as an alternative to
conventional intrathecal injection because of its ease of administration resulting in better
patient compliance. Minocycline-loaded poly lactic-co-glycolic acid (PLGA) prepared
by solid/oil/water ion pairing method showed improved drug loading and higher in vitro
antibacterial activity than the free drug [113]. By using double emulsification solvent
evaporation method, daunorubicin-loaded polymeric nanoparticles proved to enhance in
vitro anti-tumor activity with diameters of 200-300 nm and more than 80% encapsulation
efficiency [114].

2.9.2. Enzyme encapsulation
Enzymes are catalysts that meet the criteria for eco-compatible and sustainable
chemistry. However, to develop enzyme processes for industrial applications, it is
usually necessary to immobilize the enzyme into a solid support that acts as both a barrier
against the surrounding environment and a carrier [115]. Coenzyme Q10 (CoQ10)
showed synergistic effect with tea polyphenols (TP) within the combination system of
solid lipid nanoparticles and double emulsions with a high encapsulation efficiency of
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98.14%. Additionally, during a 60-day stability study, the system showed good stability
and high retention ratio of over 83% [88].

2.9.3. Flavor encapsulation and release
The main objectives of microencapsulation of flavors are to increase their fluidity
and resistance to high temperatures and prolong the sensation of flavor by controlling
their release [116]. A study encapsulated aspartame, a dipeptide sweetener, by double
emulsion followed by complex coacervation. The results indicated that this approach
protected the sweetener even at 80 °C and showed reduced solubility and low release
rates. This method can be an enormous potential for control release of aspartame into
food, thus prolonging its sweetness [7].

2.10. Conclusion
Double emulsions have been used to encapsulate a diverse range of bioactive
substances. They have also been used to control the release profile of these substances,
which may be advantageous for some pharmaceutical, cosmetic, personal care, or food
applications. Double emulsions have also been utilized to create fat-reduced food
emulsions, such as dressings, sauces, or creams, by replacing part of the oil phase with
water droplets. Despite their diverse range of potential applications, there are still
relatively few examples of the commercial application of double emulsions in the food
industry. This is probably due to the difficulty in creating robust formulations using
economically viable ingredients and processing operations. There are a number of
potential advantages of using solidified lipids to improve the performance of colloidal
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delivery systems, such as improve the chemical stability and prolong the release profile
of encapsulated drugs. In this article, we highlighted some of the studies that can be
potential novel applications of double emulsions. In particular, we focused on the
protection of antioxidant, characterization and fabrication of solid lipid particle-based
double emulsion, and impact of solid lipid phase on the resistance to osmotic stress. In
the future, it will be important to compare different formulations in terms of their cost,
robustness, sustainability, and environmental impact.
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CHAPTER 3
PROTECTION OF ANTHOCYANIN-RICH EXTRACT FROM PH-INDUCED
COLOR CHANGES USING WATER-IN-OIL-IN-WATER EMULSIONS

3.1. Introduction
Anthocyanin is a group of water-soluble phenolic compounds that are the most
prevalent natural pigments in vascular plants [117]. Indeed, it is responsible for the
vibrant orange, pink, red, violet, and blue colors characteristics of many plants. In nature,
anthocyanin typically exists in the glycoside form (i.e., bonded to sugar moieties), which
are known as anthocyanidins. Structurally, anthocyanin consists of an aromatic ring
bound to a heterocyclic ring, which is carbon-carbon linked to a third aromatic ring [118].
In aqueous solutions, anthocyanin exists in various chemical forms depending on pH
[119]. As the pH is raised from acidic to basic, the anthocyanin becomes increasingly
deprotonated, which leads to a change in their isomeric form: from flavylium cations (red
color, pH ≤ 3), to carbinol pseudo-bases (colorless, pH 3-6), to quinoidal bases (purpleblue color, pH ≥ 6) [120].
The commercial demand for pigments to color foods continues to increase [121].
However, the use of artificial pigments in foods and beverages is becoming increasingly
unacceptable to consumers due to their perceived negative health and environmental
effects [122]. Anthocyanin is a renewable and sustainable plant-based pigment, which is
suitable for application as a label-friendly natural colorant. Moreover, studies suggest
that anthocyanin may also have some health benefits by preventing oxidative stress,
inflammation, obesity, diabetes, and cancer [118, 123-125]. Nonetheless, the application
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of anthocyanin in foods is often restricted due to their poor chemical stability. In
particular, they are prone to chemical degradation when exposed to certain pH, light,
temperature, oxygen, solvent, ingredient, and enzyme conditions [126]. There is,
therefore, a need to develop effective methods to improve their stability in foods.
Anthocyanin can be stabilized by co-pigmentation, which usually involves the
formation of a non-covalent molecular complex with a colorless organic or non-organic
compounds [127]. The resulting complexes have a “sandwich” structure that protects the
flavylium chromophore from nucleophilic attack by water, thereby reducing the
formation of the colorless hemiketal and chalcone forms [128]. The most commonly
studied co-pigments are flavonoids [129, 130], amino acids [131, 132], metal cations
[133, 134], polymeric compounds [135, 136], and organic acids [137, 138]. This strategy
can be used to protect color fading of anthocyanin; however, it is not always possible to
find an appropriate co-factor.
An alternative mechanism that can be widely employed to stabilize anthocyanin is
encapsulation. In this case, the anthocyanin is trapped inside solid or liquid particles that
are specifically designed to retain and protect them [134, 139]. The most commonly
investigated methods for encapsulation of bioactive agents are spray drying [140-142],
freeze drying [143-145], coating technologies [146-148], and gelation [149, 150].
However, there has been a surge of interest in the development of various kinds of
colloidal encapsulation technologies recently [121, 151]. In this case, the bioactive
agents are trapped inside colloidal particles, which may be nanoparticles or
microparticles. These particles may be fabricated from a wide variety of food-grade
ingredients, including lipids, surfactants, proteins, polysaccharides, and/or minerals.
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Moreover, they may have a variety of different shapes (spheroid, cuboid, fiber) and
structural designs (homogeneous, core-shell, and dispersion). The most appropriate
colloidal particles must be selected for each type of commercial application.
In this study, we examined the efficacy of water-in-oil-in-water (W/O/W)
emulsions for encapsulating, retaining, and protecting anthocyanin. This type of multiple
emulsion consists of small water droplets trapped inside larger oil droplets, which are
themselves dispersed throughout a watery medium [16, 18, 152]. W/O/W emulsions
were selected because anthocyanin could be trapped inside the internal water droplets and
therefore protected from the surrounding aqueous phase. This type of multiple emulsion
has previously been used to encapsulate a variety of hydrophilic food components,
including mineral ions, proteins, probiotics, nutraceuticals, antioxidants, and vitamins
[153-158]. A number of studies have already shown that anthocyanin can also be
successfully encapsulated within W/O/W emulsions [159-161]. In the current study, we
focused on the impact of pH on the retention and color stability of anthocyanin. We
hypothesized that the internal and external pH values in W/O/W emulsions may be
different, which could lead to alterations in the mass transfer and pigmentation of the
anthocyanin. Moreover, we examined the impact of pH on the physical stability of the
W/O/W emulsions to establish if they would be resistant to the conditions that might be
encountered in commercial foods. The knowledge obtained from this study may
therefore be useful for optimizing the formulation of multiple emulsion-based delivery
systems for natural pigments and other bioactive agents.
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3.2. Materials and Methods
3.2.1. Materials
Corn oil was acquired from a supermarket and stored at 4°C prior to use.
Polyglycerol polyricinoleate (PGPR), a hydrophobic emulsifier, was obtained from
Palsgaard (Juelsminde, Denmark). Quillaja saponin (Q-Naturale 200), a hydrophilic
emulsifier, was obtained from Ingredion (Ingredion Incorporated, Westchester, IL).
Anthocyanin powder extracted from purple carrot was provided by PepsiCo (Valhalla,
NY, USA). Nile Red (N3013-100MG) was purchased from the Sigma Chemical
Company (St Louis, MO). Sodium phosphate monobasic anhydrous and sodium
phosphate dibasic anhydrous were purchased from Fisher Scientific (Pittsburgh, PA).
Sodium hydroxide and hydrochloric acid were purchased from Fisher Chemical
(Pittsburgh, PA) for pH adjustment. All chemicals were of analytical grade. Double
distilled water from a water purification system (NANOpure Infinity, Barnstead
International, Dubuque, IA) was used to make all solutions and emulsions.

3.2.2. Preparation of W/O/W emulsions
A schematic diagram giving an overview of the preparation procedure used to
create the W/O/W emulsions is shown in Figure 1, while the details of the various steps
involved are described in the remainder of this section.

3.2.2.1. Preparation of W/O emulsions
W/O emulsions were prepared as an intermediate step in the formation of the
W/O/W emulsions. The oil phase was prepared by dissolving 5% PGPR in corn oil and
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stirring for at least 30 min at 50°C. All internal aqueous phases consisted of 5 mM
phosphate buffer solution (pH 7) with or without 5% anthocyanin powder. W/O
emulsions were then made by homogenizing 20% internal aqueous phase into 80% oil
phase. These two phases were initially blended together using a high-shear mixer
(M133/1281-0, Biospec Products, Inc., ESGC, Switzerland) for 2 min to create a coarse
W/O emulsion. This emulsion was then passed through a high-pressure homogenizer
(M110P, Microfluidics, Newton, MA) four-times at 15,000 psi to create a fine W/O
emulsion.

3.2.2.2. Preparation of W/O/W emulsions
W/O/W emulsions were formed by blending 20% of W/O emulsion with 80%
external aqueous phase (5 mM phosphate buffer, pH 7) using the same high-shear mixer
for 2 min. Three types of these multiple emulsions were formed: control (no dye);
internal dye (5% anthocyanin dissolved in internal water phase); external dye (0.25%
anthocyanin dissolved in external water phase). Overall, the final multiple emulsions
containing anthocyanin had the same pigment concentration (0.2% anthocyanin of the
W/O/W emulsion). For the sake of clarity, the compositions of the control, internal dye,
external dye multiple emulsions are shown in Table 3.

3.2.3. Measurement of color
The tristimulus color coordinates of the W/O/W emulsions were measured using
an instrumental colorimeter (ColorFlex EZ 45/0-LAV, Hunter Associates Laboratory
Inc., Virginia, USA). The instrument was calibrated with a standard black plate and a
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standard white plate. The measured parameters were a*(redness/greenness) and
b*(yellowness/blueness). The two measured color parameters were converted into
C*(chroma) using the following equation:

C*=[(a*)2+(b*)2]1/2

(1)

The change in color coordinates of the multiple emulsions was measured when
they were exposed to a defined pH change of the external aqueous phase, which was
adjusted by adding sodium hydroxide and/or hydrochloric acid solutions: pH 7 for 2 h;
pH 3 for 3 h; pH 7 for 3 h.

3.2.4. Determination of particle size and charge
The particle size distribution of the emulsions was measured by laser diffraction
(Mastersizer 2000, Malvern Instruments Ltd., Malvern, Worcestershire, UK). Average
particle sizes are presented as the surface-weighted mean diameter (d32). The z-potential
of the droplets in the multiple emulsions was determined using electrophoresis (Zetasizer
Nano ZS series, Malvern Instruments Ltd. Worcestershire, UK). Appropriate buffer
solutions (5 mM phosphate, pH 3.0 or 7.0) were used to dilute the samples prior to
analysis. The samples were diluted to a level where they gave an appropriate light
scattering signal for making reliable measurements. The change in the particle size and
charge was measured when the emulsions were subjected to the same pH profile as for
the color measurements: pH 7 ® pH 3 ® pH 7.
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3.2.5. Microstructural analysis
The microstructures of the multiple emulsions were observed using both optical
and confocal scanning laser microscopy with a 40´ objective lens (Nikon D-Eclipse C1
80i, Nikon, Melville, NY, US). For the fluorescence measurements, 200 µL samples
were mixed with 20 µL Nile Red solution (1 mg/mL ethanol) to dye the oil phase. The
emission and excitation wavelengths used for the Nile Red dye were 543 nm and 605 nm,
respectively. Images were acquired and stored using image analysis software (NISElements, Nikon, Melville, NY).

3.2.6. Rheological measurements
The shear viscosity versus shear rate profiles of the W/O and W/O/W emulsions
was analyzed using a dynamic shear rheometer (Kinexus, Malvern, Worcestershire, UK)
with a concentric cylinder measurement cell. All measurements were conducted at 25 °C.
Shear viscosity was determined as a function of shear rate ranging from 0.01 to 100 s-1
with ten measurements per decade.

3.2.7. Measurement of anthocyanin leakage
During storage, the W/O/W emulsions naturally separated into two visibly distinct
phases: an aqueous phase at the bottom and a W/O emulsion phase at the top. The
leakage of the anthocyanin from the internal aqueous phase was monitored by measuring
the concentration of anthocyanin in the external aqueous phase. Prior to analysis, the
aqueous phase was passed through a syringe-driven filter unit (Merck Millipore Ltd.,
Darmstadt, Germany) to remove any residual particles that might scatter light. The
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absorbance of the aqueous phase was measured using a UV-visible spectrophotometer
(Thermo Scientific GENESYS 150, Waltham, MA) with 1-cm quartz cuvettes. The
absorbance was measured at 526 nm for pH 3 and 576 nm for pH 7, because these
wavelengths were determined to be where the maxima in the absorbance spectra
occurred. The samples were diluted to ensure that the absorbance values were within the
linear range of the spectrophotometer (between 0.2 and 1.4 AU) and standard curves
were established using anthocyanin solutions of known concentration. The leakage of
anthocyanin was represented as the concentration of anthocyanin present in the outer
aqueous phase of the W/O/W emulsions.

3.2.8. Statistical analysis
All data were collected from at least two individual experiments. Each
independent experiment was conducted on at least two replicates. The results were
expressed as the average ± standard errors (SE) of these combined values. Statistical
analysis was conducted using T-test on Excel (Microsoft, Redmond, VA, USA).
Table 3 Composition of Internal, External, and Control multiple emulsions
Internal emulsion
Inner aqueous phase (W1)
Oil phase
Outer aqueous phase (W2)

5% anthocyanin + PBS
Corn oil
PBS

External emulsion

Control emulsion

PBS

PBS

Corn oil

Corn oil

0.25% anthocyanin +PBS
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3.3. Results and discussions
3.3.1. Influence of pH change on visual color
Initially, we examined the pH-induced color changes in the W/O/W emulsions
during storage at 20 °C. These emulsions were designed so they had the same
compositions and structures, but the initial location of the anthocyanin was different –
within either the inner or outer water phase. Changes in the color of the emulsions were
recorded when the pH of the external aqueous phase was altered in a controlled manner:
pH 7 (for 2 hours), then pH 3 (for 3 hours), and then pH 7 (for 3 hours).
For the external multiple emulsion, the chroma remained relatively constant when
the system was stored at pH 7, increased steeply when the pH was changed from 7 to 3,
remained constant when the emulsion was stored at pH 3, decreased steeply when the pH
was changed from 3 to 7, and then remained constant when the emulsion was stored at
pH 7 again (Figures 1A, B & C). This result can be attributed to changes in the
absorption spectra of the anthocyanin when it is exposed to different pH values. The
final chroma value for this emulsion was similar to the initial value, indicating that the
pH-induced color change of the anthocyanin was reversible. In other words, there was
not a substantial color degradation of the anthocyanin at either pH 3 or 7 over the time
scales employed in this study. Visual observation of the samples confirmed that there
was a distinct pH-induced change in their color, with the external emulsions appearing a
creamy violet color at pH 7 and a creamy salmon pink at pH 3 (Figure 1D).
For the internal emulsions, there was also an obvious change in their color when
the outer aqueous phase was changed from pH 7 to 3 and then back to pH 7 (Figure 1).
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There were, however, some differences compared to the external emulsions. First, the
initial color of the two multiple emulsions was different at pH 7. The internal emulsions
were redder (more positive a*) but less blue (less negative b*) than the external
emulsions, although the chroma values (C*) were quite similar. This suggests that the
initial location of the anthocyanin in the emulsions had an impact on their color. This
may have been because the initial aqueous phase concentration of the anthocyanin in the
internal emulsions (5%) was substantially higher than in the external emulsions (0.25%).
Consequently, there may have been more anthocyanin-anthocyanin interactions in the
internal emulsions that altered their visible absorption characteristics. Second, the total
change of the chroma increase in the internal emulsions was much less than in the
external emulsions, which suggested that they were more resistant to pH-induced color
changes. Third, the rate of change in the chroma when the pH was changed was
considerably slower in the external emulsions than in the internal ones. We postulate that
these effects occur because the pH profile of the internal water phase was different from
that of the external water phase because the intervening oil phase acts as a physical
barrier that inhibits diffusion of H+ and OH- ions. In particular, the anthocyanin in the
external aqueous phase is immediately exposed to the pH change, whereas the
anthocyanin in the internal aqueous phase may experience a delayed and attenuated pH
change.
Overall, these results suggest that encapsulating anthocyanin in the inner aqueous
phase provided better protection against pH change, compared to simply dispersing it
within the outer aqueous phase.
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Figure 1 Effects of pH adjustment on the color of internal and external W/O/W emulsions
during storage at 20 oC. (A) a* (redness-greenness); (B) b* (yellowness-blueness); (C)
C* (chroma); and, (D) digital photographs of samples.
3.3.2. Influence of pH change on particle size
Static light scattering was used to determine the impact of pH adjustment on the
mean particle diameter of the droplets in the multiple emulsions (Figure 2). There were
some distinct differences in the behaviors of the emulsions depending on their initial
compositions and structures. The droplets in the external and control emulsions had
similar d32 – time profiles. The droplet diameter decreased slightly during the first 5.5 h
but then decreased appreciably after this time, which corresponded to the point where the
samples were adjusted from pH 3 to 7. A decrease in droplet size with increasing pH has
also been reported in earlier studies [162, 163]. This result suggests that some of the
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water inside the W/O droplets leaked out during storage, leading to a shrinkage in their
size. The fact that the control and external emulsions behaved similarly may have been
because the W/O droplets were similar for both systems (no anthocyanin inside). The
origin of this phenomenon is probably a curvature effect (i.e., higher free energy of
curved surfaces), which drives the water from the internal to external aqueous phases.
The multiple emulsions that initially had anthocyanin in the internal aqueous
phase behaved quite differently from the other two emulsions. In this case, the droplet
diameter progressively increased throughout storage, suggesting that the W/O droplets
took in water from the external aqueous phase. This effect may be a result of differences
in the osmotic pressure in the external and internal aqueous phases [66]. There was
initially a relatively high concentration (5%) of anthocyanin in the internal aqueous phase
but no anthocyanin in the external aqueous phase. This concentration gradient may have
generated an osmotic stress that pumped water from the external aqueous phase into the
internal aqueous phase, thereby causing the W/O droplets to grow [66].
Interestingly, the initial dimensions of the droplets in the internal emulsion were
appreciably greater than those in the external and control emulsions, despite the fact that
a similar homogenization procedure was used in all cases. We postulate that this
difference was due to an interaction between the anthocyanin inside the internal water
droplets and the hydrophobic emulsifier (PGPR) used to formulate the W/O emulsions.
We do not think it was due to an interaction between the anthocyanin and the hydrophilic
emulsifier (quillaja saponin) because the control and external emulsions behaved
similarly. It is possible the anthocyanin altered the interfacial tension or optimum
curvature of the PGPR monolayer at the oil-water interface, thereby altering droplet
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formation. The possibility of an interaction between the anthocyanin and PGPR is
consistent with the rheological measurements discussed later. In future studies, it would
be interesting to examine the molecular interactions between PGPR and anthocyanin
using a variety of analytical methods, such as FTIR, surface tension, or isothermal
titration calorimetry, but this was beyond the scope of the current study.
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Figure 2 Effects of pH adjustment on the mean droplet diameter (d32) of W/O/W
emulsions. The emulsions were kept at pH 7 for 2 h, adjusted to pH 3 and kept for 3 h,
and then adjusted to pH 7 and kept for 3 h.
3.3.3. Influence of pH change on particle charge
Particle electrophoresis was used to measure changes in the surface potential of
the W/O droplets in the multiple emulsions when the pH was adjusted. The general trends
in the z-potential - time profiles were similar for all three multiple emulsions (Figure 3).
Initially, the W/O droplets were highly negatively charged at pH 7, which can be
attributed to the presence of ionized carboxylic acid groups on the quillaja saponin
molecules used to coat them [164]. The droplets became somewhat less negatively
charged when the emulsions were adjusted to pH 3, which may have been because of
partial deprotonation of the carboxylic acids on the quillaja saponins, as has been
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reported in previous studies [165]. The droplets again became highly negatively charged
when the emulsions were adjusted back to neutral pH.
There were some differences in the total change of the negative charge on the
W/O droplets in the different emulsions (Figure 3). In particular, the negative charge was
the highest in the internal emulsions and the lowest in the control emulsions. This
difference suggests that there may have been some differences in the interfacial
composition in the different systems. For instance, some of the anthocyanin may have
adsorbed to the outer surfaces of the W/O droplets and altered their charge. Alternatively,
the anthocyanin may have bound to some cationic species (such as iron that could
potentially be present at low levels in the water and ingredients used to formulate the
emulsions) in the emulsions and pulled it away from the droplet surfaces.
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Figure 3 Effects of pH adjustment on the surface potential (z-potential) of W/O/W
emulsions. The emulsions were kept at pH 7 for 2 h, adjusted to pH 3 and kept for 3 h,
and then adjusted to pH 7 and kept for 3 h.
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3.3.4. Influence of pH change on emulsion microstructure
Further insights into the different behaviors of the multiple emulsions were
obtained by measuring the influence of pH on their microstructure using both optical
(Figure 4) and confocal fluorescence microscopy (Figure 5). There were distinct
differences in the microstructures of the two emulsions. The external and control
emulsions appeared quite similar, whereas the internal emulsions appeared quite different
to the other two.
The W/O droplets in the external and control emulsions had irregular spindleshaped oil droplets (stained red) with evidence of some small water droplets trapped
inside (black regions). Conversely, the W/O droplets in the internal emulsions were larger
and more spherical with the water droplets appearing to be smaller and more evenly
dispersed. This result suggests that the presence of anthocyanin within the inner aqueous
phase somehow altered the formation of the emulsions. Interestingly, there were no
significant differences in the microstructures of the emulsions between pH 7 and pH 3,
which indicated that this pH change did not have a major impact on the morphology of
the multiple emulsions, which is somewhat consistent with the light scattering
measurements (which only showed a gradual change in size with pH).
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Figure 4 Microstructures of W/O/W emulsions observed by optical microscopy using a
40´ objective lens at pH 7 and 3.

Figure 5 Microstructures of W/O/W emulsions observed by confocal fluorescence laser
microscopy using a 40´ objective lens at pH 7 and 3. The oil droplets were stained red
using Nile red.
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3.3.5. Influence of microstructure on rheology
While preparing the multiple emulsions, we noticed that some of the samples had
much higher viscosities than others. For this reason, the shear viscosities of the W/O and
W/O/W emulsions were measured as a function of shear rate (Figure 6). The rheological
characteristics of three kinds of emulsion were characterized: coarse W/O emulsions
produced by high-shear mixing; fine W/O emulsions produced by microfluidization; and,
W/O/W emulsions produced by high-shear mixing of the fine W/O emulsions.
Experiments were carried out for samples containing no anthocyanin (controls) or
anthocyanin in the internal or external water phases.
As expected, all of the W/O emulsions had higher viscosities than the W/O/W
emulsions, which can be attributed to the fact that they had oil as the continuous phase.
The viscosity of emulsions is proportional to the viscosity of the continuous phase, and
oil has a higher viscosity than water [166]. Interestingly, the coarse W/O emulsions
produced without anthocyanin (controls) had a much higher viscosity than the coarse
W/O emulsions produced with anthocyanin in the aqueous phase. Moreover, the control
emulsions exhibited distinct shear-thinning behavior whereas the emulsions with
anthocyanin did not. This result suggests that the W/O emulsions containing PGPR alone
created some kind of gel-network that was not broken down by blending. This finding is
consistent with the fact that the control and internal emulsions had distinctly different
microstructures. The presence of the anthocyanin appeared to reduce the tendency for
this network to form, thereby greatly reducing the viscosity of the W/O emulsions so that
it was closer to that of the oil phase. We hypothesize that the PGPR formed clumps in
the W/O emulsions that were broken down by the presence of the anthocyanin. The
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viscosities of the pure oil with and without PGPR were also measured to provide further
insights. Both systems exhibited ideal shear flow behavior - no dependence of apparent
viscosity on shear rate - and the viscosity of the oil with surfactant (0.063 Pa s) was only
slightly greater than that without (0.051 Pa s), which suggests that any networks were not
formed in the oil phase itself, but required the presence of the water.
Surprisingly, the fine W/O emulsions, with and without anthocyanin, both
exhibited ideal shear flow behavior. Moreover, the apparent shear viscosities of these
two systems were fairly similar to each other (0.098 and 0.097 Pa s, respectively) and to
the coarse emulsions containing anthocyanin (0.104 Pa s). This suggests that the
microfluidization process was able to breakdown any networks formed by the PGPR in
the W/O emulsions, even in the absence of the anthocyanin.
All three W/O/W emulsions behaved fairly similarly, regardless of the presence or
location of the anthocyanin: the viscosity decreased slightly as the shear rate increased.
As mentioned earlier, the viscosity of these systems was relatively low because they had
water as the continuous phase and because the disperse phase volume fraction was fairly
low (around 20%). Moreover, the relatively low viscosity of the W/O/W emulsions was
because the W/O emulsions they were formed from had all been passed through the
microfluidizer. Despite this, the microstructures of the W/O droplets in the various
multiple emulsions did appear to be quite different. This suggests that the internal
structure of the W/O droplets did not have a major impact on the overall rheology of the
multiple emulsions.
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Figure 6 Dependence of the apparent shear viscosity on the shear rate for W/O and
W/O/W emulsions.
3.3.6. Influence of pH and temperature on anthocyanin release
If multiple emulsions are going to be useful for encapsulating and protecting
anthocyanin, then it is important that they remain within the W/O droplets during storage.
For this reason, we measured the release of anthocyanin from the internal multiple
emulsions (pH 3 and 7) when stored under refrigerated (4°C) and ambient (around 20°C)
temperatures for 7 days. Changes in the absorbance of the outer aqueous phase was
measured to quantify leakage of anthocyanin from the W/O droplets (Figure 7). As a
reference, changes in the absorbance of the outer aqueous phase was also measured for
the external multiple emulsions during storage.
Initially, the anthocyanin concentration should have been 0.25% in the outer
aqueous phase for the external emulsions and 0% for the internal emulsions. In practice,
we found that these values were around 0.15% and 0.02%, respectively. This suggests
that some of the anthocyanin had moved from the internal to external aqueous phase, or
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vice versa, during emulsion preparation and initial storage. This may partially explain
why we saw some change in the color of the internal emulsions when the pH was
changed – since a fraction of the anthocyanin was on the outside.
At pH 7, there was a decrease in the amount of anthocyanin in the outer aqueous
phase during storage for the external emulsions but an increase for the internal emulsions
(Figure 7A & 7B). This result suggests that some of the anthocyanin molecules diffused
through the oil phase from higher to lower concentrations. The rate of transfer occurred
much faster at ambient temperature (20 °C) than at refrigerated temperatures (4 °C).
Indeed, at the higher temperature it appeared like the anthocyanin was almost evenly
distributed throughout the emulsions by the end of 7 days storage. The reason for the
faster anthocyanin transfer at the higher temperature may have been because of an
increase in the solubility or diffusion coefficient of the pigment in the oil phase. The
anthocyanin can therefore move from the internal to external water phase, or vice versa,
depending on the concentration gradient between the two phases.
Interestingly, there appeared to be no exchange of anthocyanin between the two
aqueous phases in the external emulsions at pH 3 when they were stored under either
refrigerator (Figure 7C) or ambient (Figure 7D) temperatures. In other words, the
anthocyanin tended to remain in the outer aqueous phase for this emulsion. Conversely,
there appeared to a slow release of the anthocyanin from the W/O droplets for the internal
emulsions at both storage temperatures (Figures 7C & 7D). This may have been because
the concentration gradient between the inner and outer water phases was greater for the
internal emulsion than the external one. The fact that the anthocyanin exchange rate was
much slower at pH 3 suggests that the pigment may have had a lower solubility in the oil
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phase. This may have been because it was in the flavylium cation form at pH 3, which
had a higher polarity than the quinonoidal base form at pH 7.
Overall, these results suggest that exchange of anthocyanin between the two
different aqueous phases in the emulsions can occur, but this effect can be inhibited by
controlling storage pH and temperature. Storing the emulsions under cold or acidic
conditions would appear to be an effective means of retaining the anthocyanin inside the
W/O droplets.
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Figure 7 Influence of pH and temperature on the outer phase concentration of
anthocyanin in W/O/W emulsions during storage.
3.4. Conclusions
In this study, we showed that anthocyanin could be encapsulated within the
internal aqueous phase of W/O/W emulsions. Encapsulation of the anthocyanin appeared
to reduce pH-induced color changes, which may due to the pH of the inner water phase
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was different from that of the outer water phase. Interestingly, the presence of
anthocyanin in the internal water phase appeared to interfere with emulsion formation,
changing the size, shape, and structure of the W/O droplets formed. This may have been
due to its ability to interact with the hydrophobic emulsifier used for formulating the W/O
emulsions. The retention of the anthocyanin inside the W/O droplets depended on
storage pH and temperature. Rapid exchange of anthocyanin between the inner and outer
water phases occurred when emulsions were stored at ambient temperature under neutral
pH conditions, which suggested that the pigment had an appreciable solubility in the oil
phase under these conditions. Anthocyanin exchange could be inhibited by reducing the
storage temperature or by reducing the pH of the aqueous phase, presumably this
decreased the solubility and/or diffusion coefficient of the pigment in the oil phase. It
should be noted that the anthocyanin used in this study was a commercial ingredient that
contains a range of molecular constituents. In future studies, it would be useful to use a
purified single anthocyanin to obtain a more mechanistic understanding of the
relationship between their molecular features and physicochemical properties. Our
results may be useful for optimizing the development of novel colloidal delivery systems
for natural hydrophilic colors.
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CHAPTER 4
FABRICATION AND CHARACTERIZATION OF W/O/W EMULSIONS WITH
CRYSTALLINE LIPID PHASE: ENCAPSULATION AND STABILIZATION OF
ANTHOCYANIN

4.1. Introduction
Water-in-oil-in-water (W/O/W) emulsions consist of small water droplets
contained inside larger oil droplets, which are themselves dispersed within another water
phase [15, 16, 167]. This form of “double” emulsion has a number of potential
applications in the food industry. They can be used to prepare reduced-calorie versions of
emulsion-based food products, such as dressings, sauces, and beverages, by substituting
part of the oil phase with water droplets [10-12]. They can be used to encapsulate and
protect both hydrophilic and hydrophobic bioactive agents, such as probiotics [168],
nutraceuticals [169, 170], omega-3 oils [4], and antioxidants [5]. Double emulsions can
also be used to control the release of flavor compounds or to mask unpleasant flavors [79]. For instance, bitter bioactive agents can be encapsulated within the internal aqueous
phase so that they are retained in the mouth but released in the stomach or small intestine.
Despite their diverse range of potential applications, and the fact that they were
first described almost a century ago [14], there are still relatively few examples of the
commercial application of W/O/W emulsions in the food industry. This is probably due
to the difficulty in creating robust formulations using economically viable ingredients and
processing operations. In particular, W/O/W emulsions are highly susceptible to physical
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instability due to a variety of mechanisms, including flocculation, coalescence, expulsion,
gravitational separation, and Ostwald ripening [15, 16].
In this study, we focus on the application of W/O/W emulsions for the
encapsulation and stabilization of hydrophilic bioactive. Typically, this kind of bioactive
is mixed with the internal aqueous phase prior to emulsion formation, so that it is initially
located within the inner water droplets. However, during storage, the bioactive agent
may diffuse across the oil phase and be released into the external aqueous phase. As a
result, the bioactive may be more susceptible to chemical degradation, leading to a loss of
functionality.
Our main objective was to examine the impact of crystallizing the oil phase on the
ability of W/O/W emulsions to encapsulate and retain a model hydrophilic bioactive.
The oil phase can be made to crystallize by using high melting point lipids, such as those
containing long-chain triglycerides, diglycerides, monoglycerides, free fatty acids, hard
fats and waxes [171]. The utilization of crystalline oil phases to improve the
performance of colloidal delivery systems is common within the pharmaceutical industry
[20]. There are a number of potential advantages to using solidified lipids for this
purpose. The chemical stability of encapsulated drugs can be improved by trapping them
within a solid matrix because this slows down the diffusion of the reactive species that
normally promote chemical degradation [21, 22]. The digestion of solid lipids by
digestive enzymes (such as lipases) in the gastrointestinal tract occurs more slowly than
liquid lipids [23-26], which can be used to provide a prolonged release profile of
encapsulated drugs after ingestion. Some other potential advantages of using crystalline
lipids to enhance the functionality of colloidal delivery systems include: avoidance of
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organic solvents, low biotoxicity, potential for large scale production, and ability to
increase the bioavailability of encapsulated components [27]. However, there are a
number of potential challenges related to the use of crystalline lipids for this purpose
[171]. For instance, crystalline fat particles are often susceptible to aggregation due to
changes in their morphology during phase transitions, such as crystallization or
polymorphic transitions. A change from a spherical to non-spherical shape leads to an
increase in oil-water interface, which can promote aggregation through hydrophobic
attraction between exposed non-polar patches [172]. In principle, crystallization of the
lipid phase could also promote expulsion of the internal water droplets in W/O/W
emulsions, thereby causing any hydrophilic bioactive to also be released.
The formulation of stable W/O/W emulsions with solidified lipid phases,
therefore, requires careful optimization of system composition and processing operations.
In this study, we focused on the impact of both hydrophilic and hydrophobic food-grade
emulsifiers on the physicochemical properties of W/O/W emulsions with a solidified
lipid phase. Anthocyanin, which is a natural food colorant and nutraceutical, was used as
a model hydrophilic bioactive agent that was encapsulated within the internal aqueous
phase. A combination of hydrophilic (quillaja saponins and gum Arabic) and
hydrophobic (polyglycerol polyricinoleate) emulsifiers were used to form and stabilize
the double emulsions. Fully hydrogenated soybean oil (HSO) was used to create a
crystalline lipid phase within the double emulsions.
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4.2. Materials and Methods
4.2.1. Materials
Hydrogenated soybean oil (HSO) was acquired from Cargill (Cargill
Incorporated, Minneapolis, MN). Soybean oil (SO) was acquired from Wesson (Conagra
Brands, Inc. IL), Polyglycerol polyricinoleate (PGPR), a hydrophobic surfactant, was
obtained from Palsgaard (Juelsminde, Denmark). Quillaja saponin (Q-Naturale 200), a
hydrophilic surfactant, was obtained from Ingredion (Ingredion Incorporated,
Westchester, IL). Anthocyanin extracted from purple carrot was provided by the Natural
Color Company (Fresno, CA). Gum Arabic from acacia tree was purchased from SigmaAldrich (St Louis, MO). Nile Red (N3013) was purchased from the Sigma Chemical
Company (St Louis, MO). Sodium phosphate monobasic anhydrous, sodium phosphate
dibasic anhydrous, and sodium azide were purchased from Fisher Scientific (Pittsburgh,
PA). All chemicals were of analytical grade. Double distilled water from a water
purification system (NANOpure Infinity, Barnstead International, Dubuque, IA) was used
to prepare all solutions and emulsions.

4.2.2. Optimization of emulsifier concentration
The impact of PGPR, saponin, and gum Arabic concentration on the structure and
physicochemical characteristics of the double emulsions was investigated. To determine
the optimal formulation, double emulsions were prepared using varying concentrations of
these emulsifiers, changing one component at a time. Specifically, when determining the
optimal concentration for gum Arabic (0, 2.5, 5, or 10% w/w), the concentrations of
PGPR and saponins were fixed; when determining the optimum concentration of PGPR
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(3, 4, 5, or 6% w/w), the gum Arabic and saponin concentration was fixed; and, when
determining the optimum saponin concentration (1, 3, 6, or 9% v/w), the gum Arabic and
PGPR concentrations were fixed.

4.2.3. Preparation of W/O emulsions
W/O emulsions were prepared as the first step in the formation of the W/O/W
emulsions. The inner aqueous phase was prepared by mixing 5% v/v anthocyanin
solution with phosphate buffer solution (5 mM, pH 3.0). The oil phase was prepared by
dissolving PGPR in the melted HSO or SO and stirring for at least 1 h at 75°C. W/O
emulsions were prepared by blending 20% aqueous phase and 80% oil phase for 2 min at
75°C using a high-shear mixer (M133/1281-0, Biospec Products, Inc., ESGC,
Switzerland).

4.2.4. Preparation of W/O/W emulsions
An aqueous phase was prepared by dissolving gum arabic and saponin into
phosphate buffer solution (5 mM, pH 3.0) and stirring overnight at room temperature.
W/O/W emulsions were formed by blending 20% of W/O emulsion with 80% of this
aqueous phase using the same high-shear mixer for 2 min at 75°C. The freshly made
W/O/W emulsions were then poured into a pre-cooled container to promote rapid cooling
and then held for 2 min in an ice bath. The resulting double emulsions were then stored at
room temperature for further analysis.
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4.2.5. Determination of particle size and charge
The particle size distribution of the double emulsions was determined by laser
diffraction (Mastersizer 2000, Malvern Instruments Ltd., Malvern, Worcestershire, UK).
Average particle sizes are presented as the volume-weighted mean diameter (d43). The zpotential of the droplets in the double emulsions was determined using electrophoresis
(Zetasizer Nano ZS series, Malvern Instruments Ltd. Worcestershire, UK). The samples
were diluted with phosphate buffer solution (5 mM, pH 3.0) prior to analysis to obtain an
appropriate light scattering intensity and avoid multiple scattering effects.

4.2.6. Microstructural analysis
The microstructures of the multiple emulsions were observed using optical,
polarized light, and fluorescence confocal scanning laser microscopy with a 40´
objective lens (Nikon D-Eclipse C1 80i, Nikon, Melville, NY, US). For the fluorescence
measurements, 200 µL of sample was mixed with 20 µL of Nile Red solution (1 mg/mL
ethanol) to dye the oil phase. The emission and excitation wavelengths used for the Nile
Red dye were 543 and 605 nm, respectively. Images were acquired and stored using
dedicated image analysis software (NIS-Elements, Nikon, Melville, NY).

4.2.7. Rheological measurements
The shear stress versus shear rate profiles of the W/O/W emulsions were analyzed
using a dynamic shear rheometer (Kinexus, Malvern, Worcestershire, UK) with a
concentric cylinder measurement cell. The apparent shear viscosity of the samples was
then calculated by the instrument software at each shear rate. Rheology measurements
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were carried as a function of shear rate from 0.1 to 100 s-1 with ten measurements per
decade. All measurements were conducted at 25 °C.

4.2.8. Physical stability
After the preparation of the HSO and SO W/O/W emulsions, the samples were
immediately stored at room temperature for physical stability measurements. All samples
were analyzed at 0, 1, 2, 4, 6, 10, and 14 days of storage unless otherwise specified.
Particle size, charge, visual appearance, rheology, microstructure, and encapsulation
efficiency were measured to evaluate the overall stability of the double emulsions.

4.2.9. Encapsulation efficiency
The encapsulation efficiency of the double emulsions was determined using a
spectroscopy method. Initially, the double emulsions were collected and diluted ten
times with pH 3 PBS buffer. The amount of anthocyanin in the aqueous phase was then
measured using a UV-visible spectrophotometer (Thermo Scientific GENESYS 150,
Waltham, MA). The samples were contained within 1-cm quartz cuvettes and their
absorbance was measured at 524 nm. A linear calibration curve was prepared using
standards of known anthocyanin concentration (r2=0.999) The encapsulation efficiency
(EE) was calculated from the measured concentrations of encapsulated and initial
anthocyanin (CE and CI) according to the following equation:
𝐸𝐸(%) =

𝐶!
× 100%
𝐶"

The encapsulated anthocyanin concentration was calculated as the initial amount
minus the amount that had leaked into the external aqueous phase.
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4.2.10. Statistical analysis
All data were collected from at least two individual experiments. Each
independent experiment was conducted on at least two replicates. The average ± standard
errors (S.E.) of these combined values were then calculated. Statistical analysis was
conducted using T-test on Excel (Microsoft, Redmond, VA, USA).

4.3. Results and discussions
4.3.1. Influence of gum Arabic on emulsion properties
Initially, the impact of the concentration of gum Arabic within the external
aqueous phase of the double emulsions on their formation and stability was examined.
We hypothesized that the presence of gum Arabic would improve emulsion stability by
adsorbing to the oil droplet surfaces and forming a protective coating and/or by
modifying the rheological properties of the external aqueous phase. All the emulsions
were formulated using the same hydrophobic (PGPR) and hydrophilic (saponin)
surfactant concentrations, as well as the same anthocyanin concentration in the inner
aqueous phase, but different gum Arabic concentrations. The initial composition of the
different formulations used in this study are summarized in Table 4.

4.3.1.1. Emulsion rheology
The addition of gum Arabic in the emulsions had a significant effect on the
rheological properties of the double emulsions (Table 4). In the absence of gum Arabic,
the double emulsion had a semi-solid appearance and an extremely high shear viscosity
(around 930 Pa s). The semi-solid nature of this sample is also highlighted by the fact
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that it had a yield stress, i.e., no flow was observed until a critical stress was exceeded
(Figure 8A). Unusually, there was a steep decrease in the measured shear stress as the
shear rate was increased from around 0 to 10 s-1, followed by a progressive increase when
the shear rate was raised further. This result suggests that there was an extremely stiff
network structure formed in the double emulsions at rest, which was broken down when
the emulsions were sheared. In the presence of gum Arabic, all the emulsions were nonNewtonian fluids that exhibited shear-thinning behavior (Figures 8A and 8B), i.e., the
shear viscosity decreased with increasing shear rate. These results clearly show that the
addition of the gum Arabic was able to inhibit the aggregation of the crystalline W/O
droplets within the double emulsions. This phenomenon may be important for
commercial applications of double emulsions in foods with different rheological
characteristics.
The reason that the double emulsion without gum Arabic had semi-solid
characteristics may have been due to extensive aggregation of the W/O droplets. This
may have occurred due to two major reasons: (i) a morphological change of the droplets,
which increased the number of non-polar patches on their surfaces; (ii) partial
coalescence of the droplets. As mentioned earlier, when a lipid phase crystallizes or
undergoes a polymorphic transition there may be a pronounced change in the shape of oil
droplets [172]. As a result, there is an increase in the hydrophobic attraction between
neighboring oil droplets, which promotes their aggregation. Alternatively, the oil
droplets may have undergone aggregation due to partial coalescence [173]. At ambient
temperature, the lipid phase inside the oil droplets would be expected to be partially solid
and partially liquid. As a result, solid fat crystals in one droplet may pierce the emulsifier
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layer separating two colliding oil droplets and stick into the liquid oil phase of another
droplet. As a result, the partially crystalline oil droplets tend to clump together, which
eventually leads to the formation a 3D-network of aggregated droplets that has semi-solid
characteristics [104]. The presence of gum Arabic may have prevented droplet
aggregation through a number of mechanisms. First, gum Arabic is a amphiphilic
molecule that can adsorb to any non-polar patches or protruding fat crystals at the W/O
droplet surfaces, thereby preventing the droplets from aggregating [174]. Second, nonadsorbed gum Arabic may have inhibited the ability of the W/O droplets from coming
into close proximity by remaining in the aqueous phase separating them. Our results
suggest that adding 2.5% gum Arabic to the W/O/W emulsions was sufficient to inhibit
extensive droplet aggregation and lead to a final system that had a relatively low viscosity
(Figure 8).
Table 4 Mean particle size (d43), charge (z-potential), and apparent shear viscosity of
HSO double emulsions containing varying amounts of gum Arabic. Each data point
represents the mean ± S.E. (n =4).
Sample Gum PGPR Saponin
Diameter
Viscosity
z-potential
number Arabic (w/w)
(w/w)
(µm)
(mV)
(Pa s）
1
0%
5%
1%
37.7 ± 1.6a -18.0 ± 1.7a
930 ± 510a
2
2.5%
5%
1%
35.2 ± 0.4a
-8.8 ± 0.5c
9.1 ± 1.7c
3
5%
5%
1%
35.5 ± 0.7a
-8.5 ± 0.3c
5.6 ± 0.8d
4
10%
5%
1%
33.9 ± 2.9a -8.7 ± 0.1bc
13.7 ± 1.6b
-1
Viscosity was measured at a shear rate of 0.1 s . Mean values with different letters are
significantly different (p < 0.05).
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Figure 8 Influence of gum Arabic addition on the rheology of HSO W/O/W emulsions.
(A) shear stress versus shear rate; (B) shear viscosity versus shear rate. Each data point
represents the mean ± S.E of four measurements (n = 4).
4.3.1.2. Particle characteristics
Interestingly, the particle size distributions of the W/O/W emulsions did not
depend strongly on the amount of gum Arabic they contained (Figure 9). Moreover,
there was only a slight (non-significant) reduction in the mean particle diameter of the
emulsions with increasing gum Arabic concentration (Table 4). This result suggests that
any droplet aggregates formed in the double emulsions in the absence of gum Arabic
were only weakly held together. As a result, they dissociated when the emulsions were
diluted and stirred for the light scattering measurements.
In the absence of gum Arabic, the W/O droplets in the emulsions had a relatively
high negative charge (-18.0 mV), which can be attributed to the fact that they were coated
with a layer of anionic saponin molecules. The addition of gum Arabic led to a
pronounced decrease in the magnitude of the negative charge on the droplets (-8.5 to -8.8
mV), which did not depend strongly on the level of gum Arabic present (Table 4). This
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result may have been because some of the gum Arabic adsorbed to the surfaces of the
W/O droplets, thereby modulating their surface potential. Indeed, previous studies have
reported that gum Arabic-coated oil droplets have a lower negative charge than saponincoated ones at pH 3 [175]. This effect may have been because gum Arabic has a
relatively low anionic charge density under acidic conditions and because it forms a thick
coating so that some of the charge is not located near to the outer edge of the interfacial
layers [176].
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Figure 9 Particle size distributions of HSO W/O/W emulsions with different
concentrations of gum Arabic (measured using static light scattering).
4.3.2. Influence of PGPR on emulsion properties
Previous studies have shown that food-grade emulsifiers may interact with fat
crystals and alter their functional performance [177]. For this reason, we investigated the
impact of emulsifier concentration on emulsion stability, rheology, and physicochemical
characteristics. In this case, the double emulsions were formulated with the same quillaja
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saponin, gum Arabic, and anthocyanin levels, but with different PGPR levels. The initial
compositions of the different emulsion formulations used in these experiments are
summarized in Table 5.

Table 5 Mean particle diameter (d43), charge (z-potential), and apparent shear viscosity of
HSO double emulsions containing varying concentration of hydrophilic and hydrophobic
emulsifiers. Each data point represents the mean ± S.E. (n =4).
Sample Gum PGPR Saponin
Diameter
Viscosity
z-potential
number Arabic (w/w)
(w/w)
(mV)
(µm)
(Pa s）
(w/w)
1
2.5%
3%
1%
36.3 ± 0.5a
-17.7 ± 2.3a
0.91±0.25a
a
a
2
2.5%
4%
1%
35.3 ± 0.4
-14.9 ± 1.0
5.5±0.6b
3
2.5%
5%
1%
35.9 ± 1.0a
-13.9 ± 1.7a
24 ± 11c
4
2.5%
6%
1%
37.0 ± 0.3a
-13.5 ± 1.2a
370 ± 220d
5
2.5%
5%
1%
34.9 ± 0.1a
-7.8 ± 0.2a
7.4 ± 0.5a
6
2.5%
5%
3%
33.9 ± 0.3b
-10.7 ± 0.4c
0.77 ± 0.25d
b
cd
7
2.5%
5%
6%
33.0 ± 0.5
-11.6 ± 0.2
1.6 ± 0.3d
8
2.5%
5%
9%
33.4 ± 0.4b
-12.3 ± 0.4cd
1.28 ± 0.22d
Viscosity was measured at the shear rate of 0.1 /s. Mean values with different letters are
significantly different (p < 0.05).
4.3.2.1. Emulsion rheology
Initially, the impact of emulsifier concentration on the rheological properties of
the W/O/W emulsions was determined. The apparent shear viscosity of the double
emulsions measured at a constant shear rate (10 s-1) increased significantly as the PGPR
concentration used to prepare them was increased (Table 5). The shear stress versus
shear rate measurements indicated that all the emulsions exhibited non-Newtonian
behavior (Figure 10A). All of the emulsions exhibited pronounced shear-thinning
behavior, with the viscosity decreasing as the shear rate increased (Figure 10B).
Interestingly, the emulsions containing the highest PGPR concentration exhibited some
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semi-solid behavior, with a yield stress being observed (Figure 10A). Overall, these
results suggest that the level of PGPR used to formulate the emulsions has a major impact
on their textural characteristics.
One would expect that PGPR would primarily be located within the oil phase of
the emulsions since it is a predominantly hydrophobic surfactant. It is therefore
surprising that it had such a pronounced impact on the bulk rheological properties of the
W/O/W emulsions. Typically, the rheology of emulsions is dominated by the disperse
phase volume fraction and the extent of droplet aggregation [176]. The disperse phase
volume fraction does not change much as the PGPR concentration is increased. This
suggests that the PGPR may have influenced the tendency for the W/O droplets to
aggregate with each other. A possible reason for this phenomenon is that the PGPR
molecules interacted with the fat crystals in the W/O/W emulsions and altered their
location and properties. This hypothesis is consistent with a previous study, which
reported that emulsifiers could adsorb to the surfaces of fat crystals and form compact
monolayers that altered their physicochemical properties and functional performance
[178]. It is possible that high levels of PGPR altered the wetting behavior of the fat
crystals, which caused them to protrude further into the aqueous phase. As a result, the
tendency for droplet aggregation to occur due to partial coalescence or hydrophobic
attraction increased. Alternatively, some of the PGPR molecules may have diffused
through the oil phase and become adsorbed at the outer surfaces of the oil droplets,
possibly displacing some of the hydrophilic saponin molecules. As a result, there was a
change in the magnitude and range of the repulsive interactions acting between the W/O
droplets, which promoted some droplet flocculation.
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Figure 10 Influence of emulsifiers on the rheology of HSO W/O/W emulsions. (A) shear
stress versus shear rate; (B) shear viscosity versus shear rate. Each data point represents
the mean ± S.E. (n=4).
4.3.2.2. Particle characteristics
The characteristics of the W/O droplets in the double emulsions were also
measured to provide some additional insights into the impact of PGPR on their
properties. The mean particle diameter and surface potential of the droplet did not
change significantly with increasing PGPR (Table 5). Nevertheless, the W/O droplets did
appear to become slightly less negatively charged as the concentration of PGPR was
raised (Table 4), which suggests that there may have been some change in the interfacial
composition. This result supports the hypothesis that some of the PGPR may have
migrated through the oil phase and displaced anionic saponin molecules from the oil
droplet surfaces. Visual observations of the samples during storage indicated that some
phase separation occurred after day 0 in the double emulsions formulated using 3% and
4% PGPR (Figure 11). This result indicates that PGPR levels below 4% are insufficient
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to form stable W/O/W emulsions, which may have important practical consequences for
commercial applications.

Figure 11 Digital photographs of HSO W/O/W emulsions with different concentrations
of PGPR during storage at room temperature for different durations (0, 2, 7, and 14 days).
4.3.3. Influence of saponin on emulsion properties
Similar experiments were also carried out to determine the impact of the
hydrophilic surfactant used (quillaja saponin) on the rheology, stability, and structure of
the double emulsions. In this case, the PGPR, gum Arabic, and anthocyanin levels were
held constant while the saponin concentration was increased. Again, the initial
compositions of the different emulsions used in these experiments are summarized in
Table 5.
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4.3.3.1. Emulsion rheology
The W/O/W emulsions formulated using 1% saponins had a relatively high
viscosity (around 7.4 mPa s) compared to the emulsions containing higher saponin levels
(0.8-1.3 mPa s). This result suggests that there may have been a greater amount of
droplet aggregation in the emulsions containing low saponin levels. One possible reason
for this phenomenon is that the PGPR molecules were able to diffuse through the oil
phase and displace some of the saponin molecules. In the presence of low levels of
saponin, it is easier for the PGPR molecules to displace the saponin molecules, which
could lead to the formation of an interfacial layer that was more susceptible to droplet
aggregation.

4.3.2.2. Particle characteristics
The properties of the W/O droplets were also determined to provide additional
insights into the impact of the hydrophilic surfactant concentration on the properties of
the W/O/W emulsions. There was little change in the mean particle diameter but an
appreciable increase in the negative charge on the W/O droplets as the saponin
concentration was increased (Table 5). The zeta-potential measurements therefore
support the hypothesis that it was more difficult for the PGPR to displace the saponin
from the oil droplet surfaces at high saponin levels. Visual observation of the double
emulsions indicated that there was some phase separation after 2 days storage (Figure
12), which was probably due to creaming of the W/O droplets.
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Figure 12 Digital photographs of HSO W/O/W emulsions with different concentrations
of quillaja saponins during storage at room temperature for different durations (0, 2, 7,
and 14 days).
4.3.4. Storage study
For commercial applications, it is important to establish the potential shelf-life of
the double emulsions. For this reason, we chose a double emulsion that contained
relatively small droplets, had a low viscosity, and had relatively good stability
characteristics to carry out the long-term storage study. Based on the above experiments,
we selected the W/O/W emulsion formulated using 2.5% gum Arabic, 5% PGPR, and 1%
quillaja saponin. The emulsions were stored at ambient temperature and changes in their
properties were periodically measured.
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4.3.4.1. Particle properties
The size and charge of the particles in the W/O/W emulsions were measured
throughout storage to provide some information about the stability of the system (Table
6). There was little in the mean particle diameter of the HSO double emulsions during
storage, which suggested that the droplets were relatively stable to coalescence.
However, the SO double emulsions experienced a significant increase, which indicated
that the soybean oil droplets tended to coalescence during storage. The overall particle
size of SO was bigger than HSO droplets. This suggests that HSO can form relatively
smaller particles. There was also little change in the zeta-potential of the HSO and SO
W/O droplets throughout storage, indicating that the interfacial composition of both HSO
and SO double emulsions remained relatively constant.

4.3.4.2. Encapsulation efficiency
Initially, the encapsulation efficiency (EE) of the HSO and SO double emulsions
were around 54% and 44% separately, but this value progressively decreased during
storage until there was only about 42% and 33% left after 14 days (Table 6). This
decrease may have been because some of the anthocyanin migrated from the internal
aqueous phase into the external aqueous phase. Consequently, it seems that both the
crystalline lipid phase and the normal liquid lipid phase is not completely effective at
inhibiting the leakage of the hydrophilic anthocyanins from the double emulsions.
Clearly, additional strategies are needed to help maintain the anthocyanins within the
internal aqueous phase of the emulsions. However, the EE of the HSO was 10% higher
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than the SO double emulsion, which indicated that the crystalline lipid efficiently
improved the encapsulation ability.

Table 6 Mean particle diameter (d43), charge (z-potential), apparent shear viscosity, and
encapsulation efficiency (EE) of HSO and SO double emulsions during storage at room
temperature. Each data point represents the mean ± S.E. (n =4).
HSO double emulsion
SO double emulsion
Storage Diameter
Viscosity
EE
Diameter
Viscosity
zz(Days)
(Pa s)
(%)
(Pa s)
(µm)
potential
(µm)
potential
(mV)
(mV)
0
53.8
39.6 ±
-15.9 ±
3.68 ±
46.2 ±
-15.4 ±
0.11 ±
0.5 a
0.3 ab
0.4 a
±
0.3 a
0.2 a
0.02 a
a
0.01
1
50.5
40.3 ±
-15.1 ±
4.27 ±
47.0 ±
-15.1 ±
0.06 ±
a
a
a
a
a
0.6
0.6
0.2
±
0.2
0.3
0.01 a
a
0.01
2
40.5 ±0.5 -15.7 ±
6.0 ± 0.2 48.3
48.1 ±
-15.3 ±
0.05 ±
a
b
0.7 ab
±
0.4 b
0.4 a
0.01 a
0.02 a
4
43.3
40.8 ±0.6 -16.5 ±
5.5 ±1.5
48.6 ±
-17.2 ±
0.05 ±
a
b
ab
0.4
±
0.2 b
0.1 b
0.004 a
0.004
a

6

40.6 ±
0.1 a

-15.2 ±
0.4 a

260 ±100
c

43.1
±
0.003

48.3 ±
0.2 b

-15.5 ±
0.5 a

42.6
±
0.01 a
42.0
±
0.004

48.3 ±
0.1 b

-14.7 ±
0.4 a

0.05 ±
0.01 a

48.1 ±
0.1 b

-15.8 ±
0.4 a

0.05 ±
0.01 a

0.05±
0.004 a

a

10

40.8 ±
0.3 a

-15.1 ±
0.5 a

1280 ±
450 d

14

40.8 ±
0.2 a

-14.4 ±
0.6 a

2280 ±
1540 d

EE
(%)
43.8
±
0.01 a
43.3
±
0.01 a
42.3
±
0.01 a
39.0
±
0.01 b
34.7
±
0.004
c

a

Viscosity was measured at the shear rate of 0.1/s.
4.3.4.3. Emulsion rheology
There was a dramatic increase in the apparent shear viscosity of the HSO double
emulsions during storage, with the value increasing from around 3.7 mPa s initially to
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34.3
±
0.01 c
33.0
±
0.003
c

2280 mPa s after 14 days storage. Visual observation of the emulsions indicated that they
remained fluid during the first 6 days of storage but became semi-solid afterwards. The
change in the textural properties of the emulsions during storage was also confirmed by
measuring their shear stress versus shear rate profiles (Figure 13). The emulsions acted
as fluids with no yield stress during the first few days of storage but behaved as semisolids with a yield stress after storage for 6 days or longer. At these longer times, it was
difficult to make consistent rheology measurements (as seen by the large standard
deviations) on the samples, which was mainly attributed to the challenge of getting these
semi-solid materials into the measurement cells. A possible reason for the observed
textural changes in the samples during storage is that the crystallized lipid particles
underwent increasing aggregation leading to the formation of a 3D-network that
increased the mechanical properties of the system. In most applications this change in
the textural properties of the emulsions would be undesirable, but there may be
applications where it is desirable, e.g., for the production of spreads, pastes, or creams for
use in the food, health care, or cosmetics industry.
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Figure 13 Rheology of HSO W/O/W emulsions during storage at room temperature. (A)
shear stress of HSO W/O/W at different shear rates at Day 0, 1, 2, 4, 6, 10, 14. Day 0,
blue line; day 1, orange line; day 2, grey line; day 4, yellow line; day 6, purple line; day
10, green line; day 14, black line; (B) shear viscosity of HSO W/O/W at different shear
rates at Day 0, 1, 2, 4, 6, 10, 14. Day 0, blue line; day 1, orange line; day 2, grey line; day
4, yellow line; day 6, purple line; day 10, green line; day 14, black line. Each data point
represents the mean ± S.E. (n=4).
4.3.4.4. Visual appearance and morphology of W/O/W emulsions
Visually, the HSO double emulsions remained stable with no evidence of phase
separation throughout storage (Figure 14A), while the SO double emulsions showed
significant phase separation after Day 0 (Figure 15A). This indicated that HSO can
successfully prevent the double emulsion from phase separation. The microstructures of
the HSO W/O/W emulsions were investigated using optical, cross-polarized, and
confocal fluorescence microscopy (Figures 14B to 14D). The microstructures of the SO
W/O/W emulsions were investigated using confocal fluorescence microscopy (Figure
15B). The microscopy images clearly show that the emulsions maintained a W/O/W
structure throughout storage, i.e., there was water droplets dispersed in the oil droplets.
The cross-polarized microscopy images show that the oil phase remained crystalline
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during storage (Figure 14C). Overall, these results show that the microstructure of the
emulsions did not change appreciably during storage, despite the fact that there was a
large increase in emulsion viscosity.
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Figure 14 Visual appearance and micromorphology of HSO W/O/W emulsions during
storage at room temperature. (A) Appearance; (B) microstructure determined using
optical microscopy at Day 0 and 14; (C) microstructure determining using polarized light
microscopy at Day 0 and 14; (D) microstructure determined using confocal scanning
laser microscopy at Day 0 and 14. Utilization of HSO as a lipid phase can successfully
prevent the double emulsions from phase separation.

A)

Day 0 Day 1

Day 2

Day 4

Day 6 Day 10 Day 14

B)

Day 14

Day 0

Figure 15 Visual appearance and micromorphology of SO W/O/W emulsions during
storage at room temperature. (A) Appearance; (B) microstructure determined using
confocal scanning laser microscopy at Day 0 and 14. The white arrow indicates phase
separation occurred at this point.
4.4. Conclusions
The texture and stability of the W/O/W emulsions prepared in this study were
highly dependent on their composition. The concentrations of both hydrophilic (quillaja
saponin and gum Arabic) and hydrophobic (PGPR) stabilizers had to be optimized to
produce emulsions that contained relatively small droplets, (initially) had relatively low
viscosities, and that were stable to coalescence and phase separation. In particular, the
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W/O droplets in the double emulsions had a strong tendency to aggregate, which
increased their viscosity and, in some cases, led to the formation of semi-solid materials.
The origin of this effect was attributed to the presence of fat crystals in the oil phase,
which penetrated into neighboring droplets, thereby promoting partial coalescence. It
was hypothesized that gum Arabic was able to inhibit droplet aggregation by forming a
thick hydrophilic coating around the W/O droplets. Conversely, PGPR promoted droplet
aggregation by interacting with the fat crystals and changing their location and
interactions in the system. A long-term storage study indicated that the double emulsions
remained fluid during the first few days of storage, but then became increasing solid at
longer storage times. This phenomenon would be undesirable in products that are
required to remain in a liquid-state (such as beverages) but may be desirable in products
that are meant to be used in a semi-solid-state (such as spreads, pastes, or creams).
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CHAPTER 5
IMPACT OF FAT CRYSTALLIZATION ON THE RESISTANCE OF W/O/W
EMULSIONS TO OSMOTIC STRESS: POTENTIAL FOR TEMPERATURETRIGGERED RELEASE

5.1. Introduction
Water-in-oil-in-water (W1/O/W2) emulsions consist of water droplets (internal
water phase, W1) trapped inside oil droplets, which are dispersed in an aqueous solution
(external water phase, W2). The multiphase nature of this kind of multiple emulsion
means they are particularly suitable for encapsulating hydrophilic and/or hydrophobic
active agents. Hydrophilic actives can be trapped within the internal water phase,
whereas hydrophobic ones can be trapped in the oil phase. For this reason, W/O/W
emulsions have been used to encapsulate a diverse range of bioactive substances,
including probiotics [1], vitamins [2], minerals [3], omega-3 oils [4], and antioxidants
[5]. They have also been used to control the release profile of these substances, which
may be advantageous for some pharmaceutical, cosmetic, personal care, or food
applications [6]. In the food industry, for instance, they have been used to control flavor
release and to mask unpleasant flavors [7-9]. W/O/W emulsions have also been utilized
to create fat-reduced food emulsions, such as dressings, sauces, or creams, by replacing
part of the oil phase with water droplets [10-13].
W/O/W emulsions are typically created using a two-step emulsification
procedure: (i) a W/O emulsion is formed by blending oil and water in the presence of a
hydrophobic emulsifier; (ii) a W/O/W emulsion is formed by blending the W/O emulsion
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with another water phase in the presence of a hydrophilic emulsifier [17, 18]. Multiple
emulsions are thermodynamically unstable, so they tend to breakdown during storage or
when exposed to certain environmental conditions [19]. In addition to the typical
breakdown mechanisms observed in O/W emulsions (such as creaming, flocculation,
coalescence, and Ostwald ripening), W/O/W emulsions may breakdown due to diffusion
of water molecules from the internal to external water phase, or vice versa [41, 179].
This process is driven by an osmotic pressure that arises when there is a difference in
solute concentration between the internal and external water phases [17]. When the
solute concentration is higher in the internal water phase, the W/O droplets tend to swell
because water molecules from the external water phase diffuse into them to reduce the
concentration gradient. Conversely, when the solute concentration is lower in the internal
water phase, the W/O droplets tend to shrink for the same reason.
Numerous theoretical and experimental studies have already been carried out on
the influence of osmotic pressure on the properties of W/O/W emulsions [66, 180-184].
There have, however, been few previous studies on the impact of a crystalline fat phase
on the resistance of this type of emulsion to osmotic stress. In one recent study, it was
shown that formation of a fat crystal network could inhibit the release of encapsulated
minerals ions (Mg2+) from W/O/W emulsions [181]. In another recent study, nuclear
magnetic resonance (NMR) and light scattering techniques were used to study the impact
of fat crystallization on the swelling stability of W/O/W emulsions in the presence of
osmotic gradients [179]. The authors showed that the swelling resistance of the
emulsions was improved when the fat phase was crystallized. In the current study, we
examined the possibility of using a fat crystal network to create temperature-responsive
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W/O/W emulsions. Specifically, W/O/W emulsions with solidified fat phases were
heated above their melting temperature in the presence of an osmotic stress and then
changes in their structural properties were measured. We hypothesized that the
emulsions would be stable to swelling or shrinking below the melting temperature of the
fat phase because of its mechanical resistance, but not above it.
A combination of whey protein isolate (WPI) and quillaja saponins were used as
hydrophilic stabilizers, while polyglycerol polyricinoleate (PGPR) was used as a
hydrophobic stabilizer. Fully hydrogenated soybean oil (HSO) was used to create a
partially crystalline fat phase within the multiple emulsions, whereas soybean oil (SO)
was used to create a fully liquid fat phase. The results of this study may lead to the
development of novel food systems that can change their behavior in response to osmotic
stresses and/or temperature changes.

5.2. Materials and methods
5.2.1. Materials
Hydrogenated soybean oil (HSO) was obtained from Cargill Incorporated
(Minneapolis, MN). The solid fat content-temperature profile of this fat has been
reported previously: 100, 96, 65, and 0% at 35, 40, 45, and 50 °C, respectively [185].
Soybean oil (SO) was obtained from Wesson (Conagra Brands, Inc. IL), Polyglycerol
polyricinoleate (PGPR), a hydrophobic surfactant, was acquired from Palsgaard
(Juelsminde, Denmark). Quillaja saponin (Q-Naturale 200), a hydrophilic surfactant, was
acquired from Ingredion Incorporated (Westchester, IL). Whey protein isolate was
obtained from Agropur (Le Sueur, WI). Nile Red (N3013) and sucrose was purchased
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from the Sigma Chemical Company (St Louis, MO). All chemicals were of analytical
grade. Double distilled water (DDW) from a water purification system (NANOpure
Infinity, Barnstead International, Dubuque, IA) was used to prepare all solutions and
emulsions.

5.2.2. Preparation of W/O emulsions
An internal aqueous phase was prepared by mixing 20% w/w sucrose with DDW.
The oil phase was prepared by dispersing 5% w/w PGPR in SO or melted HSO and then
stirring for at least 15 min at 75 °C in a heated water bath. 20% w/w internal aqueous
phase was then added dropwise into 80% w/w of the oil phase and the mixture was stirred
for 10 min (keeping the temperature at 75 °C). The mixture was then blended for 2 min
at 75 °C using a high-shear device (M133/1281-0, Biospec Products, Inc., ESGC,
Switzerland).

5.2.3. Preparation of W/O/W emulsions
The external water phase was prepared by mixing 10% w/w WPI, 1% v/v
saponin, and 20% w/w sucrose into DDW and then preheating to 75 °C in a water bath.
W/O/W emulsions were prepared by blending 20% of W/O emulsion with 80% external
water phase using the same high-shear mixer for 2 min at 75 °C. The freshly made
W/O/W emulsions were then poured into an ice bath for 5 min to promote rapid cooling.
The resulting W/O/W emulsions were then diluted with either DDW or concentrated
sucrose solutions to obtain external water phases containing 1, 5, 10, 20, 30, or 40%
sucrose. These emulsions were stored at room temperature for further analysis.
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5.2.4. Determination of particle size and charge
Particle size and charge characteristics were determined using laser diffraction
(Mastersizer 2000) and electrophoresis (NanoZS series) instruments purchased from
Malvern Instruments (Malvern, Worcestershire, UK). Particle sizes are presented as the
surface-weighted mean diameter (d32) whereas particle charges are presented as zpotential values. Emulsions were diluted with sucrose solutions (same concentration as
the external aqueous phase of the sample being analyzed) to obtain a light scattering
intensity that was suitable for accurate measurements.

5.2.5. Microstructural analysis
The morphologies of W/O/W emulsions were observed using optical and
fluorescence confocal scanning laser microscopy at a magnification of 400´ (Nikon DEclipse C1 80i, Nikon, Melville, NY, US). For the fluorescence measurements, 200 µL
of sample was mixed with 20 µL of Nile Red solution (1 mg/mL ethanol) to dye the oil
phase. The emission and excitation wavelengths used for the Nile Red dye were 543 and
605 nm, respectively. Images were acquired and stored using image analysis software
(NIS-Elements, Nikon, Melville, NY).

5.2.6. Temperature-dependent optical microscopy analysis
A glass slide containing 1% sucrose W/O/W emulsion was placed inside a
covered heating stage (Linkam LTS120, Tadworth, Surrey, UL) and equilibrated at 30,
40, 50, 60, 70, 80 °C for 20 min respectively. After equilibration at specific
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temperatures, optical images were captured using an optical microscope (Nikon DEclipse C1 80i, Nikon, Melville, NY, US) at a magnification of 200´.

5.2.7. Statistical analysis
All data were collected from at least two individual experiments. Each
independent experiment was conducted on at least two replicates. The average ± standard
errors (S.E.) of these combined values were then calculated. Statistical analysis was
conducted using T-test on Excel (Microsoft, Redmond, VA, USA).

5.3. Results and discussions
5.3.1. Initial emulsions
In a previous study, we showed that W/O/W emulsions with a partially crystalline
oil phase could be formed at room temperature using HSO [186]. These emulsions were
therefore used in the current study, while W/O/W emulsions prepared with a fully liquid
oil phase (SO) were used as a control. The initial sucrose concentration in both the
internal and external water phase of these emulsions was 20%. Initially, both types of
W/O/W emulsions had monomodal distributions and fairly similar mean particle
diameters (d32): 16.9 and 16.8 µm for the SO-and HSO-emulsions, respectively,
suggesting that oil type did not strongly influence droplet formation during
homogenization. Both types of W/O/W emulsions contained anionic droplets, but the
potential of the W/O droplets in the HSO-emulsions (z = -24.1 mV) was less negative
than that in the SO-emulsions (z = -43.9 mV). This suggests that there may have been
some differences in the interfacial composition of the two systems. A possible
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explanation of this phenomenon is that there were less anionic fatty acid impurities in the
HSO than in the SO.

5.3.2. Influence of osmotic pressure on particle size
Initially, static light scattering was used to determine the impact of an osmotic
pressure gradient on the mean particle diameter of the droplets in the W/O/W emulsions
(Figure 16). There were distinct differences in the behaviors of the multiple emulsions
depending on their oil phase compositions. The mean particle diameter (d32) of the
droplets in the HSO-emulsions remained constant when the external sucrose
concentration was varied from 1% to 40%, suggesting that the presence of a fat crystal
network inside the oil phase inhibited shrinking or swelling due to osmotic effects.
Conversely, the W/O droplets in the SO-emulsions swelled significantly when the
sucrose concentration fell below 20% and shrunk slightly when the sucrose concentration
exceeded this value. For instance, the diameter of the W/O droplets almost doubled when
the external sucrose concentration was decreased from 20% to 1%, but it only decreased
slightly (< 5%) when the external sucrose concentration was increased from 20% to 40%.
These results suggest that some of the water molecules were transferred between the
external and internal aqueous phases, resulting in either swelling or shrinking of the W/O
droplets. The origin of this phenomenon is the osmotic stress generated by the sucrose
concentration gradient between the two aqueous phases.
As expected, the particle size distributions of the HSO-emulsions did not depend
strongly on the amount of sucrose in the external aqueous phase, again indicating that
these emulsions were resistant to the osmotic gradients generated (Figure 17A).
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Conversely, the particle size distributions of the SO-emulsions did depend on the external
sucrose concentration (Figure 17B). All the SO-emulsions had monomodal distributions,
but the peak in the particle size distribution moved upward with decreasing sucrose
concentration (Figure 17B). This result suggests that these W/O/W emulsions were
sensitive to changes in the osmotic pressure, which can be attributed to the fact that the
oil phase was fully liquid.
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Figure 16 Effects of osmotic pressure on the mean particle diameter (d32) of the W/O
droplets in HSO- and SO-multiple emulsions. The osmotic pressure was altered by
changing the external sucrose concentration. The initial internal sucrose concentration
was 20 wt%.
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Figure 17 Particle size distributions of W/O/W emulsions containing different external
sucrose concentrations: (A) HSO-emulsions; (B) SO-emulsions.
5.3.3. Influence of osmotic pressure on particle morphology
Further insights into the different behaviors of the HSO- and SO-emulsions were
obtained by analyzing the influence of osmotic stress on their microstructure using
optical (Figure 18) and confocal fluorescence (Figure 19) microscopy. There were
pronounced differences in the microstructures of the two emulsions. The size and
morphology of the W/O droplets in the HSO-emulsions remained fairly similar at all
external sucrose concentrations (1% to 40%). Conversely, the W/O droplets in the SOemulsions had fairly similar sizes and morphologies when the external sucrose
concentration was increased from 20% to 40% but swelled appreciably when it was
decreased from 20% to 1%. The microscopy images clearly show that the water droplets
in the SO-emulsions expanded when the external sucrose concentration was reduced to
1%, which confirmed that some of the water from the external water phase had been
transported into the internal water phase. As discussed earlier, this happens so as to
reduce the difference in sucrose concentration between the two water phases. The
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microscopy results again indicate that the W/O/W emulsions with a crystalline oil phase
were more resistant to changes in osmotic pressure than those with a liquid oil phase.

HSO, 1% sucrose

SO, 1% sucrose

HSO, 20% sucrose

SO, 20% sucrose

HSO, 40% sucrose

SO, 40% sucrose

Figure 18 Microstructures of HSO- and SO-multiple emulsions containing different
external sucrose concentrations observed by optical microscopy at room temperature
(400´ magnification).
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HSO, 40% sucrose

SO, 1% sucrose

SO, 20% sucrose

SO, 40% sucrose

Figure 19 Microstructures of HSO- and SO-multiple emulsions containing different
external sucrose concentrations observed by confocal fluorescence laser microscopy at
room temperature (400´ magnification). The oil droplets were stained red using Nile red.
5.3.4. Influence of heating on particle size and morphology
The results of the earlier experiments suggest that it may be possible to create
temperature-responsive W/O/W emulsions based on changes in the solid fat content of
the oil phase during heating. At room temperature, an HSO-emulsion is resistant to
osmotic pressure due to the presence of the network of fat crystals within the oil phase.
Above the melting point of the fat phase, however, the same emulsion should be
responsive to osmotic pressure effects.
For this reason, changes in the particle size of the W/O/W emulsions were
measured when the temperature was increased (Figure 20A). Initially, the internal
sucrose concentration was 20%, whereas the external sucrose concentration was 1%, so
as to put the emulsions under a strong osmotic stress. At the beginning of the
experiment, the size of the W/O droplets in the SO-emulsions were appreciably larger
than those in the HSO-emulsions, which can be attributed to swelling of the internal
water droplets. When the SO-emulsions were heated, there was little change in the mean
droplet diameter from 30 to 60 °C, but a slight (but non-significant) decrease when the
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temperature was further raised to 80 °C. This effect may have been due to some loss of
the water from the W/O droplets during heating. Conversely, the W/O droplets in the
HSO-emulsions remained relatively small from 30 to 50 °C but swelled appreciably
when the temperature was raised to 60 °C and higher. This effect can be attributed to
melting of the fat crystals in the oil phase, which decreases its mechanical resistance,
thereby making the droplets prone to osmotic effects. The change in solid fat content
with temperature has previously been measured for this HSO sample and was reported to
be: 100, 96, 65, and 0% at 35, 40, 45, and 50 °C, respectively [187]. The mean particle
diameter in the HSO-emulsions did not reach the large value seen in the SO-emulsions,
even at the high temperatures where the oil phase was completely liquid, which may have
been because they were only kept at these elevated temperatures for a relatively short
time.
The particle size distributions of the SO-emulsions were not significantly affected
by heating (Figure 20B), which can be attributed to the fact that osmotic swelling had
already occurred in the initial samples. Conversely, there was an appreciable change in
the particle size distributions of the HSO-emulsions during heating, particularly at 70 and
80 °C (Figure 20C).
Further insights into the thermal behavior of the HSO- and SO-emulsions were
obtained by analyzing the influence of temperature on their microstructure using optical
(Figure 21) and confocal fluorescence (Figure 22) microscopy. For the SO-emulsions,
the morphology of the W/O droplets did not change appreciably with increasing
temperature. At relatively low temperatures (30 and 50 °C), optical microscopy showed
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that the W/O droplets in the HSO-emulsions initially appeared smaller and darker than
those in the SO-emulsions, while confocal fluorescence microscopy showed that they
contained smaller water droplets. The darkness of these droplets was probably due to
light scattering by the fat crystal network they contained. At higher temperatures (80 °C),
the W/O droplets in the HSO-emulsions swelled and appeared lighter, which could be
attributed to an increase in the dimensions of the water droplets inside them when the fat
crystals melted. Overall, these results suggest that temperature-responsive W/O/W
emulsions can be created by controlling the crystallization of the lipid phase.
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Figure 20 Influence of heating on the particle size characteristics of W/O/W emulsions.
(A) mean particle diameter after heating; (B) particle size distributions of SO-emulsions;
(C) particle size distributions of HSO-emulsions.

HSO, 30 °C

HSO, 50 °C

SO, 30 °C

SO, 50 °C

HSO, 80 °C

SO, 80 °C

Figure 21 Microstructures of HSO- and SO-emulsions observed by optical microscopy
using a heat stage (200´ magnification).
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Figure 22 Microstructures of HSO- and SO-emulsions observed by confocal fluorescence
laser microscopy using a heat stage (400´ magnification). The oil droplets were stained
red using Nile red.
5.4. Conclusions
In this study, we showed that both hydrogenated soybean oil (HSO) and regular
soybean oil (SO) can be used to prepare stable W/O/W emulsions using WPI and quillaja
saponin as hydrophilic surfactants and 5% PGPR as a hydrophobic surfactant. The
osmotic stress within this system was varied by altering the sucrose concentration
between the internal and external water phases. SO-emulsions, which had a liquid oil
phase, were highly sensitive to changes in osmotic stress, swelling appreciably when the
external water phase had a much lower concentration than the internal water phase.
Conversely, the HSO-emulsions, which had a solid oil phase at room temperature, were
highly resistant to osmotic stress because the mechanical strength of the oil phase
inhibited swelling and shrinking. However, when the HSO-emulsions were heated above
the melting temperature of the fat phase they become prone to osmotic pressure effects.
For instance, there was an appreciable increase in mean droplet diameter due to swelling
of the W/O droplets when the temperature exceeded the melting point of the fat phase.
This phenomenon may be useful for creating emulsions that respond to changes in
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temperature. For instance, one would expect an increase in viscosity when the droplets
swelled. Moreover, these systems may be able to release encapsulated hydrophilic
components (such as flavors) in response to a temperature-trigger. In future studies, we
intend to investigate the potential of using these temperature-responsive W/O/W
emulsions in food applications.
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CHAPTER 6
COMPARISON OF PLANT-BASED EMULSIFIER PERFORMANCE IN
WATER-IN-OIL-IN-WATER EMULSIONS: SOY PROTEIN ISOLATE, PECTIN
AND GUM ARABIC

6.1. Introduction
Water-in-oil-in-water (W/O/W) emulsions are complex colloidal dispersions
consisting of water droplets trapped within oil droplets that are dispersed in an aqueous
continuous phase [62]. There are numerous potential applications of this kind of double
emulsion in the food industry. For instance, they can be used to develop reduced-calorie
products by replacing some of the oil present inside the oil droplets with water droplets,
including dressings, sauces, and beverages, [188]. Double emulsions can also be utilized
for the encapsulation and protection of water-soluble and oil-soluble bioactive
components, including probiotics, vitamins, nutraceuticals, and antioxidants. However,
the application of double emulsions within commercial food applications is often limited
because they have a tendency to breakdown due to droplet creaming, aggregation,
Ostwald ripening, and expulsion/leakage of encapsulated substances [16]. Many of these
instability mechanisms can be inhibited or prevented by careful selection of emulsifiers to
stabilize the oil/water and water/oil interfaces [189]. They typically do this by forming a
cohesive interfacial coating that surrounds the droplets, thereby inhibiting their ability to
come close and merge together. Moreover, the mechanical rigidity of this coating may
inhibit swelling/shrinking of the droplets.

Finally, the presence of this coating may help

to inhibit the transport of encapsulated substances into or out of the droplets, e.g., by
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changing the interfacial thickness, permeability, or binding properties. Numerous kinds
of emulsifiers have been approved for application within commercial food products,
which vary in their cost-in-use, ease of use, functional performance, and label
friendliness [175]. Food manufacturers must therefore select the most suitable one based
on their particular product specifications. It is therefore important to systematically
characterize and compare the properties of food-grade emulsifiers as this generates
valuable knowledge that manufacturers can utilize when selecting an appropriate
formulation for creating W/O/W emulsions.
More and more consumers are moving towards “clean label” products formulated
from ingredients that are perceived as being natural and sustainable, thereby triggering
interest by the food industry in replacing petroleum-based surfactants with natural
emulsifiers [175, 190]. In particular, is great interest in plant-based ingredients due to
ethical, health, and sustainability reasons [191]. Many amphiphilic biopolymers, such as
proteins, polysaccharides, and their combinations, have been shown to be effective at
forming and stabilizing oil-in-water emulsions in foods because they can adsorb to the
surfaces of oil droplets and inhibit their aggregation [192]. Protein-based emulsifiers are
already frequently used in commercial food and beverage products due to their good
emulsifying properties [193]. Several kinds of amphiphilic polysaccharides have also
been utilized as nature-derived emulsifiers within foods, including modified starch and
gum arabic [191, 194].
Gum arabic ingredients, which are typically isolated from the Acacia Senegal
tree, contain a complex mixture of biopolymers, including amphiphilic polysaccharideprotein complexes that can form and stabilize emulsions [195]. The emulsifying
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properties of this component are linked to its good water solubility, low thickening
power, high surface activity, and good film forming properties [196]. It is widely utilized
within soft drinks to form and stabilize the oil droplets in cloud or flavor emulsions,
however, it typically has to be used at a high emulsifier-to-oil ratio [197].
Pectin is an acidic heteropolysaccharide extracted from the plant cell walls of
waste materials generated from various food and beverage processing operations [191].
Pectin ingredients can be obtained from various plant-based sources, but citrus fruits,
apples, and beets are some of the most commonly used. Pectin is commonly utilized to
form gels, to thicken solutions, or to stabilize foods and beverages [194]. The molecular
characteristics of pectin ingredients, which determines their functionality, depends on the
source, extraction processes, and any modification methods used [198]. Basically, pectin
is a branched polymer that has a linear backbone made up of a-D-galacturonic acid units
with 1-4 linkages [199]. The galacturonic acid groups in the linear region may be
partially methyl-esterified, while the side branches attached to the main chain consist of
neutral sugars that may have phenolic groups attached [200]. In addition, pectin
molecules may be attached to proteins also originating from the plant cell walls [201].
The presence of phenolic acids and proteins in pectin ingredients can enhance their
ability to adsorb to oil-water interfaces, reduce the interfacial tension, and protect
droplets from aggregation [202]. They do this by forming non-polar regions on the
pectin molecules that increase their ability to attach to the oil droplet surfaces. Moreover,
the presence of these groups may alter the colloidal interactions between the pectincoated oil droplets, such as the electrostatic, steric, and hydrophobic interactions.
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Whey protein is a widely utilized protein-based emulsifier within the food
industry due to its strong surface activity, as well as its tendency to generate electrostatic
repulsion under appropriate solution conditions [203, 204]. However, the capability of
whey proteins to create stable emulsions is dependent upon various factors, particularly
pH, ionic strength, and temperature [205]. Thus, whey protein should only be used for
fabricating food emulsions when the environmental and solution conditions promote the
creation of a stable product. The proteins isolated from soybeans have also been widely
utilized in food products because of their diverse range of functional attributes [206,
207]. Soy contains a number of surface-active globular proteins that can promote
emulsion formation by reducing the interfacial tension between the oil and water phases,
and then promote emulsion stability by forming a barrier that generates electrostatic and
steric repulsion [208].
The purpose of this study was to characterize the emulsifying performance of
these four biopolymer emulsifiers in W/O/W emulsions, as well as their impact on the
ability of mass transport of small ions. Specifically, the influence of the type and
concentration of the four emulsifiers on these characteristics was studied. Our hypothesis
was that the type of biopolymer used as an emulsifier would impact the formation,
stability, retention, and release characteristics of the W/O/W emulsions. The results
obtained provide useful information for selecting effective natural emulsifiers to create
functional double emulsions for food and beverage applications. For instance, the
possibility of controlling the release of encapsulated molecules from the internal aqueous
phase of W/O/W emulsions offers a means of manipulating the flavor profile of foods
(e.g., delayed or prolonged release). Alternatively, it could be utilized to create a
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sustained release profile of encapsulated nutraceuticals or micronutrients, which may
enhance their absorption or bioactivity.

6.2. Materials and Methods
6.2.1. Materials
Soybean oil, which was used to formulate the oil phase of the multiple emulsions,
was obtained from Wesson (Conagra Brands, Inc. IL). Polyglycerol polyricinoleate
(PGPR), a hydrophobic surfactant used to form the W/O emulsions, was obtained from
Palsgaard (Juelsminde, Denmark). Gum arabic from acacia tree, starch from corn, iodine
(ACS reagent, ³99.8%), and potassium iodide (ACS reagent) were obtained from the
Sigma-Aldrich Company (St Louis, MO). Pectin HM (standardized with maltodextrin)
was obtained from TIC Gums (Belcamp, MD). Whey protein isolate (WPI, BiPRO 9500)
and soy protein isolate (WPI, ProFam 891) were obtained from Agropur (La Crosse, WI).
The gum arabic, pectin, WPI, and SPI were used as hydrophilic emulsifiers to stabilize
the W/O droplets in the W/O/W emulsions. Any other chemicals utilized within this
study were analytical grade. Solutions and emulsions were prepared using double
distilled water (NANOpure Infinity, Barnstead International, Dubuque, IA).

6.2.2. Emulsion Preparation
The W/O/W emulsions were prepared at room temperature using the same twostep process described in our previous study [188]. For this reason, only a brief
description of the method is given here. First, W/O emulsions were prepared by blending
20% aqueous phase (1% w/w starch in water) and 80% oil phase (5% w/w PGPR in
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soybean oil) for 2 min at 10,000 rpm (M133/1281-0, Biospec Products, Inc., ESGC,
Switzerland). Second, W/O/W emulsions were prepared by homogenizing 20% W/O
emulsions with 80% aqueous phases (0.5-4.0% w/w biopolymer emulsifier and 4% v/v
iodine dissolved in water) for 2 min at 7,000 rpm. These samples were then kept at
ambient temperature prior to analysis.

6.2.3. Emulsion Characterization
The W/O/W emulsions were characterized using the same methods as described
in our previous study [188]: the particle size and charge were measured using laser
diffraction and electrophoresis; the microstructures were measured by optical
microscopy; the rheology was measured using a shear rheometer.

6.2.4. Ion mass transport
The mass transport of ions in the W/O/W emulsions was monitored using a
colorimetric method by encapsulating starch in the inner water phase and iodine in the
outer water phase. If iodine ions moved from the external to internal aqueous phases it
would react with the starch, thereby resulting in a color change in the W/O/W emulsions.
Thus, measurements of the color change during storage provides information about the
transport of the iodine ions. The tristimulus color coordinates of the W/O/W emulsions
were measured with a colorimeter and described in our previous study [188]. The color
coordinates were measured over time as the emulsions were continuously stirred using a
magnetic stirrer (400 rpm) at room temperature.
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6.2.5. Statistical analysis
Each experiment was repeated twice with two replicates per sample. The mean
and standard error were then determined from the combined values (n = 4). Statistical
analysis was conducted using T-test on Excel (Microsoft, Redmond, VA, USA).

6.3. Results and discussions
6.3.1. Impact of emulsifier properties on particle size of W/O/W emulsions
The impact of the type and amount of emulsifier used on the particle size
characteristics of the W/O/W emulsions was investigated. We could not prepare
emulsions using more than 2% pectin because the aqueous phase was too viscous to
homogenize. In addition, emulsions could not be formed with less than 1% WPI or SPI,
presumably because the protein concentration was insufficient to form stable W/O
droplets. There was the expected reduction in mean droplet diameter (d32) with
increasing emulsifier concentration for pectin and gum arabic (Figure 23), since there
would have been more amphiphilic polysaccharide molecules available to adsorb to the
W/O droplet surfaces and/or to thicken the aqueous phase [209]. Surprisingly, however,
there was actually an increase in d32 with increasing WPI and SPI concentration (Figure
23). This effect was unexpected, as the droplet size typically decreases with increasing
protein concentration in O/W emulsions [203]. It is possible that high levels of nonadsorbed protein may have interacted with the oil-soluble surfactant in the oil phase
(PGPR), thereby altering its performance, but further research is required to confirm this.
For instance, it would be insightful to perform experiments to ascertain whether the
surfactant molecules do bind to the biopolymers, and if they do, how many surfactant
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molecules are bound and to which functional groups. In practice, this may be challenging
because the PGPR is oil-soluble whereas the biopolymers are water-soluble. At a
concentration of 1% w/w, all four emulsifiers gave fairly similar mean droplet sizes (d32
= 22-25 µm), but at 2% w/w there were large differences (e.g., d32 = 14 and 33 µm for
pectin and SPI, respectively). Overall, our results suggest that the polysaccharide
emulsifiers reduced the droplet size with increasing concentration, whereas the protein
emulsifiers increased it.
The particle size distributions (PSDs) of the W/O/W emulsions fabricated using
the four emulsifiers were also measured (Figure 24). Monomodal PSDs were obtained
for gum arabic and pectin, even at the lowest concentrations used. The PSD of the gum
arabic-double emulsions was not significantly affected by emulsifier concentration
(Figure 24A), which suggests that 0.5% gum arabic was enough for fabricating double
emulsions. Conversely, the peak in the PSDs of the pectin-stabilized double emulsions
moved downward with increasing pectin concentration (Figure 24B). This may have
been because pectin is a less surface-active molecule than gum arabic and so more is
required to stabilize the droplets. In addition, pectin increases the viscosity of the
aqueous phase (see later), which may promote droplet disruption during homogenization
by increasing the shear forces generated or inhibit droplet coalescence after
homogenization by slowing droplet movement [203]. Bimodal distributions were
observed for the WPI- and SPI-double emulsions (Figure 24C&D). In the case of WPI,
the population of large particles increased, while the population of small particles
decreased, as the protein concentration was increased. In the case of SPI, the peaks
moved upward with increasing protein concentration indicating the presence of larger
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particles. This result indicates that higher protein concentrations led to larger droplets in
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the emulsions, as discussed earlier.
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Figure 23 Influence of emulsifier type and concentration on the mean droplet diameter
(d32) of W/O/W emulsions.
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Figure 24 Influence of emulsifier type and concentration on the particle size distribution
of W/O/W emulsions. (A) gum Arabic; (B) pectin; (C) WPI; (D) SPI.
6.3.2. Influence of emulsifier properties on zeta-potential of W/O/W emulsions
An electrophoretic instrument was used to determine the zeta-potential of the
W/O droplets in double emulsions prepared using different emulsifier types and
concentrations. The double emulsions formed from the two polysaccharide emulsifiers
had similar z-potential – emulsifier concentration profiles, as did the ones formed from
the two protein emulsifiers (Figure 25). The gum arabic- and pectin-coated W/O droplets
had relatively high negative zeta-potentials (-31 to -37 mV), with the absolute value
decreasing with increasing polysaccharide concentration. This effect can be attributed to
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the presence of ionized carboxylic acid groups (-COO-) on these biopolymers. The WPIand SPI-coated W/O droplets had higher negative zeta-potentials (-58 to -48 mV), whose
absolute value decreased with increasing protein concentration. The reduction in the
magnitude of the z-potential as the emulsifier concentration increased may have been due
to the ability of non-adsorbed charged emulsifiers (and their counter-ions) to screen the
electrostatic interactions [203]. The stronger negative charge on the protein-coated W/O
droplets than on the polysaccharide-coated ones suggests that they had a higher surface
charge density (net number of negative charges per unit surface area). The origin of the
negative charge on the protein-coated W/O droplets can be attributed to the dominance of
carboxylic acid groups (-COO-) on the surfaces of the proteins under neutral pH
conditions, i.e., above their isoelectric point. The presence of the biopolymers at the oil
droplet surfaces should lead to the formation of a viscoelastic interfacial layer that
inhibits the coalescence of the W/O droplets, thereby improving emulsion stability [210].

100

0
Gum Arabic
Pectin
WPI
SPI

Zeta-potential (mV)

-10
-20
-30
-40
-50
-60
-70
0

1

2

3

4

5

Emulsifier Concentration (w/w %)
Figure 25 Influence of emulsifier type and concentration on the surface potential (zpotential) of W/O/W emulsions.
6.3.3. Influence of emulsifier properties on microstructure of W/O/W emulsions
The impact of emulsifier type and concentration on the formation and stability of
the W/O/W emulsions was also characterized by measuring their microstructure using
optical microscopy (Figure 26). The emulsions formed from all four emulsifiers
appeared to contain spherical oil droplets containing small water droplets (darker
regions). The microscopy images therefore confirm that all the biopolymer-based
emulsifiers were capable of forming W/O/W emulsions. The results of the optical
microscopy analysis were consistent with those of the light scattering analysis discussed
earlier. Specifically, the emulsions prepared from gum arabic (Figure 26A) or pectin
(Figure 26B) contained smaller droplets than the ones prepared from WPI (Figure 26C)
and SPI (Figure 26D). The protein-coated W/O droplets also seemed to exhibit a much
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broader distribution of sizes than the polysaccharide-coated ones. Interestingly, there
appeared to be many oil droplets without smaller water droplets inside for the SPI-double
emulsions. This result suggests that these proteins may have interacted with the oilsoluble surfactant used to stabilize the water droplets in the oil phase. The smaller more
uniform size of the W/O droplets in the polysaccharide-double emulsions may have been
because the large polysaccharide molecules formed a more protective coating that
inhibited droplet coalescence during blending.

A)

B)

C)

D)

Figure 26 Microstructures of W/O/W emulsions observed by optical microscopy using a
40x objective lens. (A) gum Arabic; (B) pectin; (C) WPI; (D) SPI.
6.3.4. Influence of emulsifier type and concentration on W/O/W emulsion rheology
The rheological properties of double emulsions are important for applications
where specific textural attributes are required, such as creams, dressings, spreads, or
sauces [203]. We therefore studied the impact of emulsifier type and concentration on
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the apparent shear viscosities of the W/O/W emulsions (Figure 27). All four W/O/W
emulsions exhibited shear thinning. In other words, their apparent shear viscosities
decreased as the shear rate applied to them was increased. This effect can be attributed to
progressive alignment of the W/O droplets into layers within the fluid flow profile as the
shear stress is raised [203]. The double emulsions stabilized by 2% pectin had a much
higher shear viscosity than the ones stabilized by the other three emulsifiers. This effect
is due to the relatively large open flexible structure of the pectin molecules, which leads
to a high effective volume fraction within the colloidal dispersion [192]. In addition, the
self-association of the pectin molecules due to hydrophobic attraction between ester
groups and hydrogen bonding between hydroxyl groups may also have contributed to this
effect [211]. As expected, the viscosity increased as the pectin concentration increased
because the effective volume of the dispersed phase (droplets + biopolymers) increased
(Figure 27). There was also an increase in viscosity with increasing concentration for the
other emulsifiers used, but this increase was much less pronounced than that observed for
the pectin system, which can be attributed to the more compact structure of the
biopolymers in the WPI, SPI, and gum arabic ingredients.
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Figure 27 Shear viscosity versus shear rate profiles with different concentrations of
emulsifiers. (A) gum Arabic; (B) pectin; (C) WPI; (D) SPI.
6.3.5. Influence of emulsifier type and concentration on ion mass transport
Finally, we examined the ability of the double emulsions to inhibit the transport of
small ions from the external to the internal water phase. An indicator system based on
the color change that occurs when iodine interacts with starch was used. It is known that
the triiodide anion (I3−) rapidly generates a strong blue-black color when it comes into
contact with starch molecules. For this reason, we encapsulated starch inside the internal
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aqueous phase of the double emulsions, since it is a large hydrophilic molecule that
would not be expected to be transported across the oil phase, while we dispersed iodide in
the external aqueous phase. We hypothesized that the ability of the triiodide ions to
diffuse through the oil phase would depend on the formulation of the double emulsions.
It should be noted that some of the triiodide ions may have been released from the
internal water phase during the formation of the W/O/W emulsions due to the applied
mechanical forces. However, this effect would be expected to occur during
homogenization, and so would not affect the subsequent release profile.
Immediately after preparation, the different emulsions had different optical
properties. The appearance of the WPI- and SPI-double emulsions changed from
colorless to light blue, that of the GA-double emulsions changed from brown to light
blue, and that of the pectin-double emulsions changed from brownish green to dark blue.
The difference in the initial colors of the double emulsions can mainly be attributed to the
ability of the triiodide ions to interact with the polysaccharide emulsifiers.
Since the four double emulsions started with different colors, we calculated the
change in color to monitor the kinetics of the mass transport process. The Db* values
were calculated throughout storage to show changes in the blueness (b*) of the samples
due to the interaction between starch and iodine. The GA- and pectin-double emulsions
exhibited appreciable color changes over time, regardless of the emulsifier concentration
used (Figure 28), suggesting that the iodine was transported from the external to the
internal aqueous phase. A similar effect was observed in the protein-stabilized double
emulsions at low emulsifier concentrations, but not at higher concentrations (Figure 29).
For instance, no color change was observed at 2 and 4% emulsifier in the WPI-system
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and at 4% emulsifier in the SPI-system. This suggests that high concentrations of protein
were able to prevent ion transport from the external to internal aqueous phases. A
possible reason for this phenomenon is that the proteins could bind the triiodide ions, and
therefore prevent their transport across the oil phase. Indeed, previous studies have
shown that globular proteins can bind iodide ions, e.g., bovine serum albumin,
hemoglobin, and ovalbumin [212-214]. At higher protein levels, there may have been
more free protein in the external aqueous phase that could bind to the triiodide ions and
therefore decrease their ability to travel through the oil phase. The fact that mass
transport was inhibited at a lower concentration for WPI than SPI suggests that it may
have been able to bind the triiodide ions more strongly.
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Figure 28 Mass transport of iodine studied by measuring the color change in gum Arabic
and pectin formed W/O/W emulsions. Db* represent the change in b* in 30 min over 3 h
respectively. (A) Db* (yellowness-blueness) of gum Arabic; (B) Db* of pectin.
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Figure 29 Mass transport of iodine studied by measuring the color change in WPI and
SPI formed W/O/W emulsions. Db* represent the change in b* in 30 min over 3 h
respectively. (A) Db* of WPI; (B) Db* of SPI.
6.4. Conclusions
In this study, we investigated the potential of using gum arabic, pectin, WPI and
SPI as hydrophilic emulsifiers to form W/O/W emulsions. Pectin was more effective
than gum arabic, WPI and SPI at fabricating double emulsions containing small droplet,
which may be because it was more effective at increasing the viscosity of the emulsions,
and therefore the intensity of the shear forces generated during homogenization. All four
emulsifiers produced double emulsions that exhibited shear thinning behavior. The oil
droplets in the protein-stabilized double emulsions had a higher negative charge than
those in the polysaccharide-stabilized ones at neutral pH. When used at sufficiently high
concentrations (2% or 4% WPI; 4% SPI), the proteins were more effective at inhibiting
ion transport from the outer to inner aqueous phase than the polysaccharides. This effect
was mainly attributed to the ability of the globular proteins to bind the triiodide ions and
inhibit their movement across the oil phase. This observation therefore confirmed our
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hypothesis that the ability of triiodide ions to diffuse through the oil phase of W/O/W
emulsions depended on emulsifier type.
The knowledge gained from this study may be useful for developing smart
sensors or for controlled delivery applications. For instance, smart sensors could be
created by encapsulating two different kinds of hydrophilic molecules that generate a
color change when they interact with each other. One of them would be located within
the internal aqueous phase of the W/O/W emulsion and the other one in the external
aqueous phase. This kind of system may then provide a color change when the W/O/W
emulsion is exposed to a specific environmental trigger that causes the two hydrophilic
molecules to come into contact, such as a change in pH, temperature, or enzyme activity.
Similarly, a hydrophilic substance could be encapsulated within the internal aqueous
phase, which is only released in response to a specific environmental trigger. As an
example, when a W/O/W emulsion comes into contact with lipase in the small intestine,
the oil phase is digested, and the internal hydrophilic substance is released.
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CHAPTER 7
FUTURE WORK: CONTROL OF SALTINESS RELEASE USING
TEMPERATURE-RESPONSIVE DOUBLE EMULSION SYSTEMS
Sodium is essential for maintaining body functions, however over consumption
may cause adverse health effects [215] such as hypertension and cardiovascular disease
[216]. Salt (sodium chloride) is the major source of sodium in human diets. WHO
recommends that adults should consume less than 5 g of salt per day (WHO, 2016), while
in developed countries, the salt intake range from 8.75 to 14.01 g/d [217]. Processed
foods are estimated to contribute 75-80% of total salt intake [218]. Therefore, reducing
sodium in food and human diet is vital for the food industry and the consumers. The role
of salt in food not only involves delivery of salty taste, but also flavor enhancement and
texture formation [219]. These functions need to be solved together to achieve realistic
salt reduction for consumers. Therefore, the purpose of the proposed research is to
reduce salt level by developing a novel delivery system that are practical financially
affordable without compromising sensory properties. Our previous research has already
shown that double emulsions have the potential for controlled release which could work
as a basic foundation for salt reduction. The main focus of the proposed research is
therefore to develop an innovative double emulsion capable of encapsulating reduced salt
and examine the saltiness and flavor perception during oral processing. Our central
hypothesis is that the double emulsion enables reduction of salt without affecting
consumer satisfaction with regard to salty taste and flavor enhancement.
The functional performance of double emulsions depends on their particle
characteristics, such as composition, size, charge, viscosity, shape, and specific
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interactions. To tailor the functional performance of double emulsions for salt reduction
and controlled release, it is therefore essential to have knowledge of the impact of system
composition and processing conditions on double emulsion properties. For this reason, a
series of systematic experiments will be carried out to determine the impact of emulsifier
type, homogenizer operating conditions, polymer stabilizer type, and system composition
on the properties of double emulsions. Meanwhile, the formulated double emulsion will
be used to evaluate controlled release of salt and to assess delivery rate of sodium.
We anticipate that the sodium encapsulated in the internal aqueous phase will
have a fast burst release in mouth which allows immediate increase of concentration.
This is likely to result in a higher saltiness perception which would achieve the purpose
of salt reduction without compromise customer acceptance. According to previous
research and literature review, we have a strong expectation that this fabrication and
optimization approach will help us select the optimum composition of double emulsion
that can successful release sodium and meanwhile satisfy the perception of saltiness. A
potential challenge will be the different reaction of encapsulation efficiency and
controlled release to viscosity of polymer solution. A more viscous polymer solution will
result in a higher encapsulation efficiency but a slower burst release which is undesirable
for our objective in this case. We cannot expect the double emulsion system to have an
efficient encapsulation with a fast burst release in mouth at the same time in the aspect of
viscosity. We will attempt to balance the two parameters by optimizing other key factors
such as particle size.
Successful completion of this project would have a number of important impacts
on the US economy and health: (i) potential improvements in the health and wellness of
110

the nation through reduced salt intake; (ii) development of a new class of emulsion-based
colloidal delivery systems to achieve controlled release; (iii) greater utilization of natural
ingredients in foods; (iv) increased competitiveness of the US food industry due to a new
generation of potential salad dressings, sauces, and chips; and, (v) training of the next
generation of food scientists in an important area.
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